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M/A Note from the Author 


I have taught the subject of motor control for over 30 years. I have tried different meth- 
ods and found that some are more successful than others. Understanding Motor Controls 
is the accumulation of this knowledge. I am sure other methods may work equally well, 
but the methods and information presented in this textbook have worked the best for me. 
My goal in writing this textbook is to present the subject of motor control in a way that 
the average student can understand. I have three main objectives: 


* Teach the student how to interpret the logic of a schematic diagram. 
* Teach the student how to properly connect a circuit using a schematic diagram. 
* Teach the student how to troubleshoot a control circuit. 


Understanding Motor Controls assumes that the student has no knowledge of motor con- 
trols. The student is expected to have knowledge of basic Ohm’s law and basic circuits, such 
as series, parallel, and combination. The book begins with an overview of safety. A discus- 
sion of schematics (ladder diagrams) and wiring diagrams is presented early. The discussion 
of schematics and wiring diagrams is intended to help students understand the written lan- 
guage of motor controls. Standard NEMA symbols are discussed and employed through- 
out the book when possible. The operation of common control devices is presented to help 
students understand how these components function and how they are used in motor con- 
trol circuits. Basic control circuits are presented in a manner that allows students to begin 
with simple circuit concepts and progress to more complicated circuits. 

The textbook contains examples of how a schematic or ladder diagram is converted 
into a wiring diagram. A basic numbering system is explained and employed to aid stu- 
dents in making this conversion. This is the most effective method I have found of teach- 
ing a student how to make the transition from a circuit drawn on paper to properly 
connecting components in the field. 

Understanding Motor Controls also covers solid-state controls for both DC and AC 
motors. Variable frequency drives and programmable logic controllers are covered in 
detail. I explain how to convert a ladder diagram into a program that can be loaded 
into a PLC. The book contains many troubleshooting problems that help the student 
understand the logic of a control system. Circuit design is also used to help the student 
develop the concepts of circuit logic. 

Understanding Motor Controls contains 16 hands-on laboratory exercises that are 
designed to use off-the-shelf motor control components. A list of materials and sug- 
gested vendors is given for the components used in the exercises. The laboratory exercises 
begin with very basic concepts and connections and progress through more complicated 
circuits. 


xi 
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ii/Supplements 


An online Instructor Companion website contains an Instructor Guide with answers to 
end of chapter review questions, test banks, and Chapter presentations done in Power- 
Point, and testing powered by Cognero. 

Cengage Learning Testing Powered by Cognero is a flexible, online system that allows 
you to: 


e author, edit, and manage test bank content from multiple Cengage Learning solutions 
* create multiple test versions in an instant 
* deliver tests from your LMS, your classroom, or wherever you want 


Contact Cengage Learning or your local sales representative to obtain an instructor 
account. 
Accessing an Instructor Companion Website from SSO Front Door 


1. Go to: http://login.cengage.com and login using the Instructor email address and 
password. 


2. Enter author, title or ISBN in the Add a title to your bookshelf search box, click on 
Search button. 


3. Click Add to My Bookshelf to add Instructor Resources. 


4. At the Product page click on the Instructor Companion site link. 


New Users 


If you’re new to Cengage.com and do not have a password, contact your sales 
representative. 
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Safety is the job of each individual. You should be concerned not only with your 
own safety but with the safety of others around you. This is especially true for per- 
sons employed in the electrical field. Some general rules should be followed when 
working with electric equipment or circuits. 


Iii/General Safety Rules 


Never Work on an Energized Circuit If the Power 
Can Be Disconnected 


When possible, use the following three-step check to make certain that power is 
turned off. 


1. Test the meter on a known live circuit to make sure the meter is operating. 
2. Test the circuit that is to become the de-energized circuit with the meter. 


3. Test the meter on the known live circuit again to make certain the meter is still 
operating. 


Install a warning tag at the point of disconnection so people will not restore 
power to the circuit. If possible, use a lock to prevent anyone from turning the 
power back on. 


Think 


Of all the rules concerning safety, this one is probably the most important. 
No amount of safeguarding or idiot proofing a piece of equipment can protect a 
person as well as taking time to think before acting. Many technicians have been 
killed by supposedly “dead” circuits. Do not depend on circuit breakers, fuses, or 
someone else to open a circuit. Test it yourself before you touch it. If you are work- 
ing on high-voltage equipment, use insulated gloves and meter probes to measure 
the voltage being tested. Think before you touch something that could cost you 
your life. 


Avoid Horseplay 


Jokes and horseplay have a time and place but not when someone is working on an 
electric circuit or a piece of moving machinery. Do not be the cause of someone’s 
being injured or killed and do not let someone else be the cause of your being in- 
jured or killed. 


Objectives 


After studying this chapter 
the student will be able to: 
>> State basic safety rules. 


>> Describe the effects of 
electric current on the body. 

>> Discuss the origin and 
responsibilities of OSHA. 

>> Discuss material safety 
data sheets. 

>> Discuss lockout and tagout 
procedures. 

>> Discuss types of protective 
clothing. 

>> Explain how to properly 
place a straight ladder 
against a structure. 

>> Discuss different types of 
scaffolds. 

>> Discuss classes of fires. 

>> Discuss ground-fault 
circuit interrupters. 

>> Discuss the importance of 
grounding. 
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4 ® Safety, Basic Electricity, and Ohm’s Law 


Do Not Work Alone 


This is especially true when working in a hazardous lo- 
cation or on a live circuit. Have someone with you who 
can turn off the power or give artificial respiration and/ 
or cardiopulmonary resuscitation (CPR). Several electric 
shocks can cause breathing difficulties and can cause the 
heart to go into fibrillation. 


Work with One Hand When Possible 


The worst kind of electric shock occurs when the current 
path is from one hand to the other, which permits the 
current to pass directly through the heart. A person can 
survive a severe shock between the hand and foot but it 
would cause death if the current path was from one hand 
to the other. 


Learn First Aid 


Anyone working on electric equipment, especially those 
working with voltages greater than 50 volts, should make 
an effort to learn first aid. A knowledge of first aid, 
especially CPR, may save your own or someone else’s life. 


Avoid Alcohol and Drugs 


The use of alcohol and drugs has no place on a work 
site. Alcohol and drugs are not only dangerous to users 
and those who work around them; they also cost indus- 
try millions of dollars a year. Alcohol and drug abusers 
kill thousands of people on the highways each year and 
are just as dangerous on a work site as they are behind 
the wheel of a vehicle. Many industries have instituted 
testing policies to screen for alcohol and drugs. A person 
who tests positive generally receives a warning the first 
time and is fired the second time. 


MiiEttects of Electric Current 
on the Body 


Most people have heard that it is not the voltage that 
kills but the current. This is true, but do not be mis- 
led into thinking that voltage cannot harm you. Voltage 
is the force that pushes the current though the circuit. 
It can be compared to the pressure that pushes water 
through a pipe. The more pressure available, the greater 
the volume of water flowing through the pipe. Stu- 
dents often ask how much current will flow through the 


body at a particular voltage. There is no easy answer to 
this question. The amount of current that can flow at 
a particular voltage is determined by the resistance of 
the current path. Different people have different resis- 
tances. A body has less resistance on a hot day when 
sweating, because salt water is a very good conductor. 
What one eats and drinks for lunch can have an effect 
on the body’s resistance as can the length of the current 
path. Is the current path between two hands or from 
one hand to one foot? All of these factors affect body 
resistance. 

Figure S—1 illustrates the effects of different amounts 
of current on the body. This chart is general— some 
people may have less tolerance to electricity and others 
may have a greater tolerance. 

A current of 2 to 3 milliamperes (mA) (0.002 to 0.003 
amperes) usually causes a slight tingling sensation, which 
increases as current increases and becomes very no- 
ticeable at about 10 milliamperes (0.010 amperes). The 


0.100-0.200 (DEATH) THIS RANGE GENERALLY CAUSES 

AMPERES _ FIBRILLATION OF THE HEART. WHEN THE 
HEART IS IN THIS CONDITION, IT VIBRATES AT 
A FAST RATE LIKE A "QUIVER" AND CEASES TO 
PUMP BLOOD TO THE REST OF THE BODY. 


0.060-0.100 (EXTREME DIFFICULTY IN BREATHING) 
AMPERES 


0.040-0.060 (BREATHING DIFFICULTY) 
AMPERES 


0.030-0.040 (MUSCULAR PARALYSIS) 
AMPERES 


0.020-0.030 (UNABLE TO LET GO OF THE CIRCUIT) 
AMPERES 


0.010-0.020 
Hh AMPERES 
0.009-0.010 


AMPERES 


(VERY PAINFUL) 


(MODERATE SENSATION) 


—] 0.002-0.003 (SLIGHT TINGLING SENSATION) 
AMPERES 


Figure S—1 The effects of electric current on the body. 
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tingling sensation is very painful at about 20 milliam- 
peres. Currents between 20 and 30 milliamperes cause a 
person to seize the line and be unable to let go of the 
circuit. Currents between 30 and 40 milliamperes cause 
muscular paralysis, and those between 40 and 60 milli- 
amperes cause breathing difficulty. When the current in- 
creases to about 100 milliamperes, breathing is extremely 
difficult. Currents from 100 to 200 milliamperes gener- 
ally cause death because the heart usually goes into fibril- 
lation, a condition in which the heart begins to “quiver” 
and the pumping action stops. Currents above 200 mil- 
liamperes cause the heart to squeeze shut. When the 
current is removed, the heart usually returns to a nor- 
mal pumping action. This is the operating principle of 
a defibrillator. The voltage considered to be the most 
dangerous to work with is 120 volts, because that gener- 
ally causes a current flow of between 100 and 200 mil- 
liamperes through most people’s bodies. Large amounts 
of current can cause severe electric burns that are often 
very serious because they occur on the inside of the body. 
The exterior of the body may not look seriously burned, 
but the inside may be severely burned. 


Miii/On the Job 
OSHA 


OSHA is an acronym for Occupational Safety and 
Health Administration, U.S. Department of Labor. Cre- 
ated by congress in 1971, its mission is to ensure safe and 
healthful workplaces in the United States. Since its cre- 
ation, workplace fatalities have been cut in half, and oc- 
cupational injury and illness rates have declined by 40%. 
Enforcement of OHSA regulations is the responsibility 
of the Secretary of Labor. 

OSHA standards cover many areas, such as the han- 
dling of hazardous materials, fall protection, protective 
clothing, and hearing and eye protection. Part 1910 Sub- 
part S deals mainly with the regulations concerning elec- 
trical safety. These regulations are available in books and 
can be accessed at the OSHA website on the Internet at 
www.osha.org. 


Hazardous Materials 


It may become necessary to deal with some type of 
hazardous material. A hazardous material or sub- 
stance is any substance that if exposed to may result 
in adverse effects on the health or safety of employees. 
Hazardous materials may be chemical, biological, or 
nuclear. OSHA sets standards for dealing with many 
types of hazardous materials. The required response is 
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determined by the type of hazard associated with the 
material. Hazardous materials are required to be listed 
as such. Much information concerning hazardous mate- 
rials is generally found on Material Safety Data Sheets 
(MSDS). (A sample MSDS is included at the end of 
the unit.) If you are working in an area that contains 
hazardous substances, always read any information 
concerning the handling of the material and any safety 
precautions that should be observed. After a problem 
exists is not the time to start looking for information on 
what to do. 

Some hazardous materials require a Hazardous Ma- 
terials Response Team (HAZMAT) to handle any prob- 
lems. A HAZMAT is any group of employees designated 
by the employer that are expected to handle and control 
an actual or potential leak or spill of a hazardous mate- 
rial. They are expected to work in close proximity to the 
material. A HAZMAT is not always a fire brigade, and 
a fire brigade may not necessarily have a HAZMAT. On 
the other hand, HAZMAT may be part of a fire brigade 
or fire department. 


Employer Responsibilities 


Section 5(a)l of the Occupational Safety and Health 
Act basically states that employers must furnish each 
of their employees a place of employment that is free 
of recognized hazards that are likely to cause death 
or serious injury. This places the responsibility for 
compliance on employers. Employers must identify 
hazards or potential hazards within the work site and 
eliminate them, control them, or provide employees 
with suitable protection from them. It is the employee’s 
responsibility to follow the safety procedures set up by 
the employer. 

To help facilitate these safety standards and proce- 
dures, OSHA requires that an employer have a compe- 
tent person oversee implementation and enforcement 
of these standards and procedures. This person must be 
able to recognize unsafe or dangerous conditions and 
have the authority to correct or eliminate them. This 
person also has the authority to stop work or shut down 
a work site until safety regulations are met. 


MSDS 


MSDS stands for material safety data sheets, which are 
provided with many products. They generally warn users 
of any hazards associated with the product. They outline 
the physical and chemical properties of the product; list 
precautions that should be taken when using the prod- 
uct; and list any potential health hazards, storage consid- 
eration, flammability, reactivity, and, in some instances, 
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radioactivity. They sometimes list the name, address, and 
telephone number of the manufacturer; the MSDS date 
and emergency telephone numbers; and, usually, infor- 
mation on first aid procedures to use if the product is 
swallowed or comes in contact with the skin. Safety data 
sheets can be found on many home products such as 
cleaning products, insecticides, and flammable liquids. 


Trenches 


It is often necessary to dig trenches to bury conduit. 
Under some conditions, these trenches can be deep 
enough to bury a person if a cave-in occurs. Safety reg- 
ulations for the shoring of trenches is found in OSHA 
Standard 1926 Subpart P App C titled “Timber Shor- 
ing for Trenches.” These procedures and regulations are 
federally mandated and must be followed. Some general 
safety rules should be followed, such as: 


1. Do not walk close to trenches unless it is necessary. 
This can cause the dirt to loosen and increase the 
possibility of a cave-in. 


2. Do not jump over trenches if it is possible to walk 
around them. 


3. Place barricades around trenches (Figure S—2). 


4. Use ladders to enter and exit trenches. 


Confined Spaces 


Confined spaces have a limited means of entrance or exit 
(Figure S—3). They can be very hazardous workplaces, 
often containing atmospheres that are extremely harmful 
or deadly. Confined spaces are very difficult to ventilate 
because of their limited openings. It is often necessary 
for a worker to wear special clothing and use a separate 





Figure S—2 Place a barricade around a trench and use a ladder 


to enter and exit the trench. 








Figure S—3 A cconfined space is any space having a limited 
means of entrance or exit. 


air supply. OSHA Section 12: “Confined Space Haz- 
ards,” lists rules and regulations for working in a con- 
fined space. In addition, many industries have written 
procedures that must be followed when working in con- 
fined spaces. Some general rules include the following: 


1. Have a person stationed outside the confined space 
to watch the person or persons working inside. The 
outside person should stay in voice or visual contact 
with the inside workers at all times. He or she should 
check air sample readings and monitor oxygen and 
explosive gas levels. 


2. The outside person should never enter the space, 
even in an emergency, but should contact the proper 
emergency personnel. If he or she enters the space 
and become incapacitated, no one would be avail- 
able to call for help. 


Ww 


. Use only electric equipment and tools that are ap- 
proved for the atmosphere found inside the confined 
area. It may be necessary to obtain a burning per- 
mit to operate tools that have open brushes and that 
spark when they are operated. 


4. As a general rule, a person working in a confined 
space should wear a harness with a lanyard that ex- 
tends to the outside person, so the outside person 
could pull him or her to safety if necessary. 


Lockout and Tagout Procedures 


Lockout and tagout procedures are generally employed to 
prevent someone from energizing a piece of equipment 
by mistake. This could apply to switches, circuit break- 
ers, or valves. Most industries have their own internal 
policies and procedures. Some require that a tag similar 
to the one shown in Figure S—4 be placed on the piece 
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Figure S—4 Safety tag used to tagout equipment. 





of equipment being serviced; some also require that the 
equipment be locked out with a padlock. The person 
performing the work places the lock on the equipment 
and keeps the key in his or her possession. A device that 
permits the use of multiple padlocks and a safety tag is 
shown in Figure S—5. This is used when more than one 
person is working on the same piece of equipment. Vio- 
lating lockout and tagout procedures is considered an 
extremely serious offense in most industries and often 
results in immediate termination of employment. As a 
general rule, there are no first-time warnings. 

After locking out and tagging a piece of equip- 
ment, it should be tested to make certain that it is truly 
de-energized before working on it. A simple three-step pro- 
cedure is generally recommended for making certain that a 
piece of electric equipment is de-energized. A voltage tes- 
ter or voltmeter that has a high enough range to safely test 
the voltage is employed. The procedure is as follows: 
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Figure S—-5 The equipment can be locked out by several different 
people. 


1. Test the voltage tester or voltmeter on a known 
energized circuit to make certain the tester 1s working 


properly. 


2. Test the circuit you intend to work on with the volt- 
age tester or voltmeter to make sure that it is truly 
de-energized. 


3. Test the voltage tester or voltmeter on a known ener- 
gized circuit to make sure that the tester is still work- 


ing properly. 


This simple procedure helps to eliminate the possibility 
of a faulty piece of equipment indicating that a circuit is 
de-energized when it is not. 


Iii/Protective Clothing 


Maintenance and construction workers alike are usually 
required to wear certain articles of protective clothing, 
dictated by the environment of the work area and the job 
being performed. 


Head Protection 


Some type of head protection is required on almost any 
work site. A typical electrician’s hard hat, made of non- 
conductive plastic, is shown in Figure S—6. It has a pair 
of safety goggles attached that can be used when desired 
or necessary. 
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Eye Protection 


Eye protection is another piece of safety gear required 
on almost all work sites. Eye protection can come in 
different forms, ranging from the goggles shown in 
Figure S—6 to the safety glasses with side shields shown 
in Figure S-7. Common safety glasses may or may not 
be prescription glasses, but almost all provide side pro- 
tection (Figure S—7). Sometimes a full face shield may 
be required. 


Hearing Protection 


Section III, Chapter 5 of the OSHA Technical Manual 
includes requirements concerning hearing protection. 





Figure S—6 Typical electrician’s hard hat with attached safety 


goggles. 





Figure S—7 Safety glasses provide side protection. 


The need for hearing protection is based on the ambient 
sound level of the work site or the industrial location. 
Workers are usually required to wear some type of hear- 
ing protection when working in certain areas, usually in 
the form of earplugs or earmuffs. 


Fire-Retardant Clothing 


Special clothing made of fire-retardant material is re- 
quired in some areas, generally certain industries as 
opposed to all work sites. Fire-retardant clothing is of- 
ten required for maintenance personnel who work with 
high-power sources such as transformer installations and 
motor-control centers. An arc flash in a motor-control 
center can easily catch a person’s clothes on fire. The 
typical motor-control center can produce enough energy 
during an arc flash to kill a person 30 feet away. 


Gloves 


Another common article of safety clothing is gloves. Elec- 
tricians often wear leather gloves with rubber inserts when 
it is necessary to work on energized circuits (Figure S-8). 
These gloves are usually rated for a certain amount of 
voltage. They should be inspected for holes or tears be- 
fore they are used. Kevlar gloves (Figure S—9) help pro- 
tect against cuts when stripping cable with a sharp blade. 


Safety Harness 


Safety harnesses provide protection from falling. They 
buckle around the upper body with leg, shoulder, and 
chest straps; and the back has a heavy metal D-ring 
(Figure S—-10). A section of rope approximately 6 feet 





Figure S—8 Leather gloves with rubber inserts. 
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Figure S—9 Kevlar gloves protect against cuts. 







SHOULDER 
STRAPS 


Figure S—10 Typical safety harness. 


in length, called a lanyard, is attached to the D-ring and 
secured to a stable structure above the worker. If the 
worker falls, the lanyard limits the distance he or she can 
drop. A safety harness should be worn: 


1. When working more than 6 feet above the ground or 
floor 


2. When working near a hole or drop-off 
3. When working on high scaffolding 


A safety harness is shown in Figure S—11. 
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Figure S11 Safety harness. 


Iiii/Ladders and Scaffolds 


It is often necessary to work in an elevated location. 
When this is the case, ladders or scaffolds are employed. 
Scaffolds generally provide the safest elevated working 
platforms. They are commonly assembled on the work 
site from standard sections (Figure S—12). The bottom 
sections usually contain adjustable feet that can be used 
to level the sections. Two end sections are connected by 
X braces that form a rigid work platform (Figure S—13). 
Sections of scaffolding are stacked on top of each other 
to reach the desired height. 


Rolling Scaffolds 


Rolling scaffolds are used in areas that contain level 
floors, such as inside a building. The major difference be- 
tween a rolling scaffold and those discussed previously 
is that it is equipped with wheels on the bottom section 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party oentent may he suppressed from the eBook aidaéor cChapterts). 
Editorial review has decmed that any suppressed aontent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restriction s require it. 


10 @ Safety, Basic Electricity, and Ohm’s Law 








Figure S—12 Typical section of scaffolding. 


Figure S—13 X braces connect scaffolding sections together. 


that permit it to be moved from one position to another. 
The wheels usually contain a mechanism that permits 
them to be locked after the scaffold is rolled to the de- 
sired location. 


Hanging or Suspended Scaffolds 


Hanging or suspended scaffolds are suspended by cables 
from a support structure. They are generally used on the 
sides of buildings to raise and lower workers by using 
hand cranks or electric motors. 


Straight Ladders 


Ladders can be divided into two main types, straight and 
step. Straight ladders are constructed by placing rungs 
between two parallel rails (Figure S-14). They generally 





Figure S—14 Straight ladder. 


contain safety feet on one end that help prevent the 
ladder from slipping. Ladders used for electrical 
work are usually wood or fiberglass; aluminum lad- 
ders are avoided because they conduct electricity. Re- 
gardless of the type of ladder used, you should check 
its load capacity before using it. This information is 
found on the side of the ladder. Load capacities of 
200 pounds, 250 pounds, and 300 pounds are common. 
Do not use a ladder that does not have enough load ca- 
pacity to support your weight plus the weight of your 
tools and the weight of any object you are taking up the 
ladder with you. 

Straight ladders should be placed against the side 
of a building or other structure at an angle of approxi- 
mately 76° (Figure S-15). This can be accomplished by 
moving the base of the ladder away from the structure 
a distance equal to one fourth the height of the ladder. 
If the ladder is 20 feet high, it should be placed 5 feet 
from the base of the structure. If the ladder is to provide 
access to the top of the structure, it should extend 3 feet 
above the structure. 


Step Ladders 


Step ladders are self-supporting, constructed of two sec- 
tions hinged at the top (Figure S—16). The front section 
has two rails and steps, the rear portion two rails and 
braces. Like straight ladders, step ladders are designed to 
withstand a certain load capacity. Always check the load 
capacity before using a ladder. As a general rule, ladder 
manufacturers recommend that the top step not be used 
because of the danger of becoming unbalanced and fall- 
ing. Many people mistakenly think the top step is the top 
of the ladder, but it is actually the last step before the 
ladder top. 
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Figure S—15 A ladder should be placed at an angle of 
approximately 76°. 
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Figure S—16 Typical step ladder. 


biiiiFires 


For a fire to burn, it must have three things: fuel, heat, 
and oxygen. Fuel is anything that can burn, including 
materials such as wood, paper, cloth, combustible dusts, 
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and even some metals. Different materials require dif- 
ferent amounts of heat for combustion to take place. If 
the temperature of any material is below its combustion 
temperature, it will not burn. Oxygen must be present for 
combustion to take place. If a fire is denied oxygen, it 
will extinguish. 

Fires are divided into four classes: A, B, C, and D. 
Class A fires involve common combustible materials 
such as wood or paper. They are often extinguished 
by lowering the temperature of the fuel below the 
combustion temperature. Class A fire extinguish- 
ers often use water to extinguish a fire. A fire extin- 
guisher listed as Class A only should never be used on 
an electrical fire. 

Class B fires involve fuels such as grease, combusti- 
ble liquids, or gases. A Class B fire extinguisher generally 
employs carbon dioxide (CO,), which greatly lowers the 
temperature of the fuel and deprives the fire of oxygen. 
Carbon dioxide extinguishers are often used on electri- 
cal fires, because they do not destroy surrounding equip- 
ment by coating it with a dry powder. 

Class C fires involve energized electric equipment. 
A Class C fire extinguisher usually uses a dry powder to 
smother the fire. Many fire extinguishers can be used on 
multiple types of fires; for example, an extinguisher labeled 
ABC could be used on any of the three classes of fire. 
The important thing to remember is never to use an ex- 
tinguisher on a fire for which it is not rated. Using a Class 
A extinguisher filled with water on an electrical fire could 
be fatal. 

Class D fires consist of burning metal. Spraying 
water on some burning metals actually can cause the 
fire to increase. Class D extinguishers place a powder on 
top of the burning metal that forms a crust to cut off 
the oxygen supply to the metal. Some metals cannot be 
extinguished by placing powder on them, in which case 
the powder should be used to help prevent the fire from 
spreading to other combustible materials. 


H!Ground-Fault Circuit 
Interrupters 


Ground-fault circuit interrupters (GFCI) are used to pre- 
vent people from being electrocuted. They work by sens- 
ing the amount of current flow on both the ungrounded 
(hot) and grounded (neutral) conductors supplying 
power to a device. In theory, the amount of current in 
both conductors should be equal but opposite in polarity 
(Figure S—17). In this example, a current of 10 amperes 
flows in both the hot and neutral conductors. 

A ground fault occurs when a path to ground other 
than the intended path is established (Figure S—18). 
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Assume that a person comes in contact with a defective 
electric appliance. If the person is grounded, a current 
path can be established through the person’s body. In 
the example shown in Figure S—18, it is assumed that 
a current of 0.1 ampere is flowing through the person. 
This means that the hot conductor now has a current of 
10.1 amperes but the neutral conductor has a current 
of only 10 amperes. The GFCI is designed to detect 
this current difference to protect personnel by open- 
ing the circuit when it detects a current difference of 
approximately 5 milliamperes (0.005 ampere). The Na- 
tional Electrical Code® (NEC*) 210.8 lists places where 
ground-fault protection is required in dwellings. The 
National Electrical Code® and NEC*® are registered 


10A 






NEUTRAL ~<———— 


Figure S—17 The current in both the hot and neutral conductors 


should be the same but flowing in opposite directions. 
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Figure S—18 A ground fault occurs when a path to ground other 


than the intended path is established. 





trademarks of the National Fire Protection Association, 
Quincy, MA. 


GFCI Devices 


Several devices can be used to provide ground-fault 
protection, including the ground-fault circuit breaker 
(Figure S—19). The circuit breaker provides ground-fault 
protection for an entire circuit, so any device connected 
to the circuit is ground-fault protected. A second method 
of protection, ground-fault receptacles (Figure S—20), 
provide protection at the point of attachment. They have 
some advantages over the GFCI circuit breaker. They 
can be connected so that they protect only the devices 
connected to them and do not protect any other outlets 
on the same circuit, or they can be connected so they 
provide protection to other outlets. Another advantage is 
that, because they are located at the point of attachment 
for the device, there is no stray capacitance loss between 
the panel box and the equipment is being protected. 
Long wire runs often cause nuisance tripping of GFCI 
circuit breakers. A third ground-fault protective device is 
the GFCI extension cord (Figure S—21). It can be con- 
nected into any standard electric outlet, and any devices 
connected to it are then ground-fault protected. 


Figure S—19 Ground-fault circuit breaker. 
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Figure S—20 Ground-fault receptacle. 





Figure S—21 Ground-fault extension. 
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[iGrounding 


Grounding is one of the most important safety con- 
siderations in the electrical field. Grounding provides 
a low resistance path to ground to prevent conductive 
objects from existing at a high potential. Many electric 
appliances are provided with a three-wire cord. The 
third prong is connected to the case of the appliance 
and forces the case to exist at ground potential. If an 
ungrounded conductor comes in contact with the case, 
the grounding conductors conduct the current directly 
to ground. The third prong on a plug should never be 
cut off or defeated. Grounding requirements are far 
too numerous to list in this chapter, but NEC® 250 
covers the requirements for the grounding of electrical 
systems. 


Review Questions 


1. What is the most important rule of electrical 
safety? 


2. Why should a person work with only one hand 
when possible? 


3. What range of electric current generally causes 
death? 


4. What is fibrillation of the heart? 
5. What is the operating principle of a defibrillator? 


6. Who is responsible for enforcing OSHA 
regulations? 


7. What is the mission of OSHA? 
8. What is an MSDS? 


9. A padlock is used to lock out a piece of equip- 
ment. Who should have the key? 


10. A ladder is used to reach the top of a building 
16 feet tall. What distance should the bottom of 
the ladder be placed from the side of the 

building? 


11. What is a ground fault? 


12. What is the approximate current at which a 
ground-fault detector will open the 
circuit? 


13. Name three devices used to provide ground-fault 
protection. 


14. What type of fire is Class B? 


15. What section of the NEC® covers grounding? 
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Table S—1 Heavy Duty Clear LO-VAC PVC Cement. 





Trade Name 
Product Numbers 
Formula 
Synonyms 


Firm Name & Mailing Address 


Oatey Phone Number 


Emergency Phone Numbers 


Prepared By 


OATEY HEAVY DUTY CLEAR LO-VOC PVC CEMENT 
31850, 31851, 31853, 31854 

PVC Resin in Solvent Solution 

PVC Plastic Pipe Cement 


OATEY CO., 4700 West 160th Street, RO. Box 35906 Cleveland, 
Ohio 44135, U.S.A. http://www.oatey.com 


1-216-267-7100 


For Emergency First Aid call 1-303-623-5716 COLLECT. For chemical 
transportation emergencies ONLY, call Chemtrec at 1-800-424-9300 


Charles N. Bush, Ph.D. 





Ingredients 
Acetone 


Amorphous Fumed Silica 
(Non-Hazardous) 


Proprietary (Nonhazardous) 
PVC Resin (Nonhazardous) 
Cyclohexanone 
Tetrahydrofuran 

Methyl! Ethyl Ketone 


% Cas Number 


Sec 313 

0-5% 67-64-1 No 
1-3% 112945-52-5 No 
5-15% N/A No 
10-16% 9002-86-2 No 
5-15% 108-94-1 No 
30-50% 109-99-9 No 
20-35% 78-93-3 Yes 





Hazards 


Combustible Liquid 
Flammable Liquid 
Pyrophoric Material 
Explosive Material 
Unstable Material 
Water Reactive Material 
Oxidizer 

Organic Peroxide 
Corrosive Material 
Compressed Gas 
Irritant 

Carcinogen NTP/IARC/OSHA 


Yes No Hazards Yes No 

x Skin Hazard x 

x Eye Hazard x 
x Toxic Agent x 
x Highly Toxic Agent x 
x Sensitizer x 
x Kidney Toxin x 
x Reproductive Toxin x 
x Blood Toxin x 
x Nervous System Toxin x 
x Lung Toxin x 

x Liver Toxin x 
x 
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Safety Overview @ 15 


Table S—1 Continued 





Skin If irritation arises, wash thoroughly with soap and water. Seek medical attention if irrita- 
tion persists. Remove dried cement with Oatey Plumber's Hand Cleaner or baby oil. 


Eyes If material gets into eyes or if fumes cause irritation, immediately flush eyes with water 
for 15 minutes. If irritation persists, seek medical attention. 


Inhalation Move to fresh air. If breathing is difficult, give oxygen. If not breathing, give artificial 
respiration. Keep victim quiet and warm. Call a poison control center or physician im- 
mediately. If respiratory irritation occurs and does not go away, seek medical attention. 


Ingestion DO NOT INDUCE VOMITING. This product may be aspirated into the lungs and cause chemi- 
cal pneumonitis, a potentially fatal condition. Drink water and call a poison control cen- 
ter or physician immediately. Avoid alcoholic beverages. Never give anything by mouth 
to an unconscious person. 





Precautions Do not use or store near heat, sparks, or flames. Do not smoke when using. Vapors may 


accumulate in low places and may cause flash fires. 
Special Fire For Small Fires: Use dry chemical, CO,, water, or foam extinguisher. 
Fighting For Large Fires: Evacuate area and call Fire Department immediately. 
Procedures 





Spill or Leak Remove all sources of ignition and ventilate area. Stop leak if it can be done without 
risk. Personnel 


Procedures cleaning up the spill should wear appropriate personal protective equipment, including 
respirators if vapor concentrations are high. Soak up spill with absorbent material such 
as sand, earth, or other noncombusting material. Put absorbent material in covered, 
labeled metal containers. Contaminated absorbent material may pose the same haz- 
ards as the spilled product. 





Precautions HANDLING & STORAGE: Keep away from heat, sparks, and flames; store in cool, dry place. 


OTHER: Containers, even empties, will retain residue and flammable vapors. 





trois/Personal Protec 


Protective EYES: Safety glasses with side shields. 


Equipment RESPIRATORY: NIOSH-approved canister respirator in absence of adequate ventilation. 
Types GLOVES: Rubber gloves are suitable for normal use of the product. For long exposures to 


pure solvents chemical resistant gloves may be required. OTHER: Eye wash and safety 
shower should be available. 


Ventilation LOCAL EXHAUST: Open doors and windows. Exhaust ventilation capable of maintaining 
emissions at the point of use below PEL. If used in enclosed area, use exhaust fans. 
Exhaust fans should be explosion-proof or set up in a way that flammable concentra- 
tions of solvent vapors are not exposed to electrical fixtures or hot surfaces. 
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Table S—1 Continued 





NFPA Hazard Signal 
HMIS Hazard Signal 
Boiling Point 
Melting Point 


Vapor Pressure 


Vapor Density (Air = 1) 
Volatile Components 
Solubility In Water 

PH 

Specific Gravity 
Evaporation Rate 
Appearance 

Odor 

Will Dissolve In 


Material Is 





Health 2 

Health 3 

151 Degrees F/66 C 
N/A 


145 mmHg @ 
20 Degrees C 


2.5 

70-80% 

Negligible 

N/A 

0.95 + 0.015 

(BUAC = 1) = 5.5 — 8.0 
Clear Liquid 
Ether-Like 
Tetrahydrofuran 
Liquid 


Stability 1 
Stability 1 


Flammability 3 
Flammability 4 


Special None 


Special None 
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OF MOTOR CONTROL 


Several factors should be considered when selecting the motor needed to perform a 
specific task and the control components that govern the operation of the motor. An 
electrician should not only be capable of properly installing a motor, but he or she 
should also be capable of maintaining the equipment and troubleshooting a control 
circuit when necessary. This textbook is designed to give students the skills they need 
to succeed in an industrial environment. 

Many years ago, machines were operated by a line shaft (Figure I—1). A central 
prime mover, whether a steam engine, electric motor, or water wheel, powered all 
the machines by connecting them to the line shaft with belts. Although this concept 
worked, the number of machines that could be operated at the same time was lim- 
ited and control of the machine processes was very difficult. Some applications not 
only called for the machine to start and stop, but also to reverse direction, increase 
or decrease speed, and brake to a stop. The advent of connecting individual power 
sources to each machine changed the world of motor control forever. 


fii/nstallation of Motors and Control Equipment 


When installing electric motors and equipment, several factors should be considered. 
When a machine is installed, the motor, machine, and controls are all interrelated 
and must be considered as a unit. Some machines have the motor or motors and con- 
trol equipment mounted on the machine itself when it is delivered from the manufac- 
turer, and the electrician’s job is generally to make a simple power connection to the 
machine. A machine of this type is shown in Figure 1-2. Other types of machines re- 
quire separately mounted motors that are connected by belts, gears, or chains. Some 


LINE SHAFT 





STEAM ENGINE 


Figure 1—1 Power machines driven by a line shaft. 





Objectives 


After studying this chapter 
the student will be able to: 


>> State the purpose and gen- 
eral principles of motor control. 


>> Discuss the differences 
between manual and automatic 
motor control. 


>> Discuss considerations 
when installing motors or 
control equipment. 


>> Discuss the basic functions 
of a control system. 


>> Discuss surge protection for 
control systems. 
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20 ®@ Section 1 Basic Control Circuits and Components 





Figure 1-2 Machine was delivered with self-contained motors and controls. 


machines also require the connection of pilot-sensing 
devices such as photo switches, limit switches, or pressure 
switches. Regardless of how easy or complex the connec- 
tion is, several factors must be considered. 


Power Source 


One of the main considerations when installing a ma- 
chine is the power source. Does the machine require 
single phase or three phase power to operate? What is 
the horsepower of the motor or motors to be connected? 
What is the amount of in-rush current that can be ex- 
pected when the motor starts? Will the motor require 
some type of reduced voltage starter to limit in-rush cur- 
rent? Is the existing power supply capable of handling 
the power requirement of the machine or will it be neces- 
sary to install a new power system? 

The availability of power can vary greatly from one area 
of the country to another. Companies that supply power 
to heavily industrialized areas can generally permit larger 


motors to be started across-the-line than companies that 
supply power to areas that have light industrial needs. In 
some areas the power company may permit a motor of sev- 
eral thousand horsepower to be started across-the-line, and 
in other areas the power company may require a reduced 
voltage starter for motors rated no more than one hundred 
horsepower. 


Motor Connections 


When connecting motors, several factors should be consid- 
ered, such as horsepower, service factor (SF), marked tem- 
perature rise, voltage, full load current rating, and NEMA 
Code letter. This information is found on the motor name- 
plate. The conductor size, fuse or circuit breaker size, and 
overload size are generally determined using the National 
Electrical Code® (NEC® ) and/or local codes. Local codes 
generally supersede the National Electrical Code® and 
should be followed when they apply. Motor installation 
based on the NEC® will be covered in this textbook. 
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Controller Type 


Different operating conditions require different types 
of control. Some machines simply require the motor 
to start and stop. Some machines require a soft start, 
which means bringing the motor up to speed over a pe- 
riod of time instead of all at once. This is especially 
true of gear-driven machines or motors that must 
start heavy inertia loads, such as flywheels or centri- 
fuges. Other machines may require variable speed or 
the application of a brake when the motor is stopped. 
Inching and jogging may also be a consideration. Re- 
gardless of the specific conditions, all control systems 
should be able to start and stop the motor, and also 
provide overload protection for the motor and short- 
circuit protection for the circuit. 


Environment 


Another consideration is the type of environment in 
which the motor and control system operates. Can the 





Courtesy Schneider Electric USA, Inc. 


Figure 1-3 Manual starter in a general purpose enclosure. 
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controls be housed in a general purpose enclosure similar 
to the one shown in Figure 1-3, or is the system subject 
to moisture or dust? Are the motor and controls to be 
operated in a hazardous area that requires explosion- 
proof enclosures similar to that shown in Figure 1—4? 
Some locations may contain corrosive vapor or liquid, 
or extremes of temperature. All of these conditions 
should be considered when selecting motors and control 
components. 


Codes and Standards 


Another very important consideration is the safety of the 
operator and persons that work around the machine. In 
1970, the Occupational Safety and Health Act (OSHA) 
was established. In general, OSHA requires employers to 
provide an environment that is free of recognized haz- 
ards that are likely to cause serious injury. 

Another organization that exhibits much influ- 
ence on the electrical field is Underwriters Laboratories 
(UL). Insurance companies established Underwriters 
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Figure 1-4 Magnetic starter in an explosion-proof enclosure. 
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NEUTRAL CONDUCTOR 


CIRCUIT 





HOT CONDUCTOR 


BREAKER 


SWITCH 









SINGLE PHASE MOTOR CONTROLLED BY A SWITCH 


CIRCUIT 
BREAKER 


SWITCH 





SCHEMATIC DIAGRAM 


Figure 1—5 Pictorial and schematic diagram of a single phase motor controlled by a switch. 


Laboratories in an effort to reduce the number of fires 
caused by electrical equipment. UL tests equipment to 
determine if it is safe under different conditions. Ap- 
proved equipment is listed in its annual publication, 
which is kept current with bimonthly supplements. 

A previously mentioned document is the National 
Electrical Code®. The NEC” is published by the National 
Fire Protection Association. The NEC* establishes rules 
and specifications for the installation of electrical equip- 
ment. The National Electrical Code® is not a law unless it 
is made law by a local authority. 

Two other organizations that have a great influence 
on control equipment are the National Electrical Man- 
ufacturers Association (NEMA) and the International 
Electrotechnical Commission (IEC). Both of these orga- 
nizations will be discussed later in the textbook. 


iiitypes of Control Systems 


Motor control systems can be divided into three major 
types: manual, semiautomatic, and automatic. Man- 
ual controls are characterized by the fact that the 


operator must go to the location of the controller to 
initiate any change in the state of the control system. 
Manual controllers are generally very simple devices that 
connect the motor directly to the line. They may or may 
not provide overload protection or low voltage release. 
Manual control may be accomplished by simply connect- 
ing a switch in series with the motor (Figure I—S). 
Semiautomatic control is characterized by the use of 
push buttons, limit switches, pressure switches, and other 
sensing devices to control the operation of a magnetic 
contactor or starter. The starter actually connects the 
motor to the line and the push buttons and other pilot 
devices control the coil of the starter. This permits the 
actual control panel to be located away from the motor 
or starter. The operator must still initiate certain actions, 
such as starting and stopping, but he or she does not have 
to go to the location of the motor or starter to perform 
the action. A typical control panel is shown in Figure 1-6. 
A schematic and wiring diagram of a START— 
STOP push button station is shown in Figure |~—7. 
A schematic diagram shows components in their electrical 
sequence without regard for physical location. A wiring 
diagram is basically a pictorial representation of the con- 
trol components with connecting wires. Although the 
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Figure 1-6 Typical operator's control panel. 


two circuits shown in Figure 1—7 look different, electri- 
cally they are the same. 

Automatic control is very similar to semiautomatic 
control, in that pilot-sensing devices are employed to 
operate a magnetic contactor or starter that actually 
controls the motor. With automatic control, however, 
an operator does not have to initiate certain actions. 
Once the control conditions have been set, the system 
continues to operate on its own. A good example of 
an automatic control system is the heating and cool- 
ing system found in many homes. Once the thermostat 
has been set to the desired temperature, the heating or 
cooling system operates without further attention of 
the home owner. The control circuit contains sensing 
devices that automatically shut the system down in the 
event of an unsafe condition such as motor overload, 
excessive current, or no pilot light or ignition in gas 
heating systems. 
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/i/Functions of Motor Control 


Motor control systems perform some basic functions. 
The ones listed are by no means the only ones, but are 
very common. These basic functions will be discussed 
in greater detail in this book. It is important to not only 
understand these basic functions of a control system but 
also to know how control components are employed to 
achieve the desired circuit logic. 


Starting 


Starting the motor is one of the main purposes of a 
motor control circuit. Several methods can be em- 
ployed depending on the requirements of the circuit. 
The simplest method is across-the-line starting. This is 
accomplished by connecting the motor directly to the 
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SCHEMATIC DIAGRAM OF A START-STOP PUSH BUTTON CONTROL 
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WIRING DIAGRAM OF A START-STOP PUSH BUTTON CONTROL 


Figure 1-7 Schematic and wiring diagram of a start-stop push button control. 
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power line. Some situations, however, may require the 
motor to start at a low speed and accelerate to full speed 
over some period of time. This situation is often referred 
to as ramping. In other situations it may be necessary to 
limit the amount of current or torque during starting. 
Some of these methods will be discussed later in the 
textbook. 


Stopping 


Another function of the control system is to stop the 
motor. The simplest method is to disconnect the motor 
from the power line and permit it to coast to a stop. 
Some conditions, however, may require that the motor be 
stopped more quickly, or that a brake hold a load when 
the motor is stopped. 


Jogging or Inching 


Jogging and inching are methods employed to move a 
motor with short jabs of power—generally to move a 
motor or load into some desired position. The differ- 
ence between jogging and inching is that jogging is ac- 
complished by momentarily connecting the motor to full 
line voltage and inching is accomplished by momentarily 
connecting the motor to reduced voltage. 


Speed Control 


Some control systems require variable speed. There are 
several ways to accomplish variable speed. One of the 
most common is with variable frequency control for al- 
ternating current motors, or by controlling the voltage 
applied to the armature and fields of a direct current 
motor. Another method may involve the use of a direct 
current clutch. These methods will be discussed in more 
detail later in this textbook. 


Motor and Circuit Protection 


One of the major functions of most control systems is 
to provide protection for both the circuit components 
and the motor. Fuses and circuit breakers are generally 
employed for circuit protection, and overload relays are 
used to protect the motor. The different types of over- 
load relays will be discussed later. 


Surge Protection 


Another concern in many control circuits is the voltage 
spikes or surges produced by collapsing magnetic fields 
when power to the coil of a relay or contactor is turned 
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off. These collapsing magnetic fields can induce voltage 
spikes that are hundreds of volts (Figure 1-8). These high 
voltage surges can damage electronic components con- 
nected to the power line. Voltage spikes are of greatest 
concern in control systems that employ computer con- 
trolled devices, such as programmable logic controllers 
and measuring instruments used to sense temperature, 
pressure, and so on. Coils connected to alternating cur- 
rent often have a metal oxide varistor (MOV) connected 
across the coil (Figure 1-9). Metal oxide varistors are 
voltage-sensitive resistors. They have the ability to change 
their resistance value in accord with the amount of volt- 
age applied to them. The MOV will have a voltage rating 
greater than that of the coil they are connected across. 
An MOV connected across a coil intended to operate 
on 120 volts, for example, will have a rating of about 
140 volts. As long as the voltage applied to the MOV is 
below its voltage rating, it will exhibit an extremely high 
amount of resistance, generally several million ohms. 
The current flow through the MOV is called leakage 
current and is so small that it does not affect the opera- 
tion of the circuit. 


600 VOLTS 


120 VOLTS 


Figure 1-8 Voltage spikes can be hundreds of volts. 


Coperight 201? Conzave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole or in part. Duc te cloctrenic rights. seme third party ventent may he suppressed from the eBook aidaéor oC hapterts). 


Editorial review has decmed that any supp 





od antotdecs net materially affect the secrall leaming experience, Cengage Learning reserees the right te remeee additional onntent at any time if subsoquent rights 





trictisw § POqui te it. 


26 ®@ Section 1 Basic Control Circuits and Components 


AC CONTACTOR COIL 





Figure 1-9 A metal oxide varistor is used to eliminate voltage 
spikes on alternating current coils. 


If the voltage across the coil becomes greater than 
the voltage rating of the MOV, the resistance of the MOV 
suddenly changes to a very low value, generally in the 
range of 2 to 3 ohms. This effectively short-circuits the 
coil and prevents the voltage from becoming any higher 
than the voltage rating of the MOV (Figure 1-10). Metal 
oxide varistors change resistance value very quickly— 
generally in the range of 3 to 10 nanoseconds. When the 
circuit voltage drops below the MOV’s voltage rating, it 
will return to its high resistance value. The MOV dissi- 
pates the energy of the voltage spike as heat. 

Diodes are used to suppress the voltage spikes pro- 
duced by coils that operate on direct current. The diode 
is connected reverse bias to the voltage connected to the 
coil, Figure 1-11. During normal operation, the diode 
blocks the flow of current, permitting all the circuit cur- 
rent to flow through the coil. When the power is discon- 
nected, the magnetic field around the coil collapses and 
induces a voltage into the coil. Because the induced volt- 
age is opposite in polarity to the applied voltage, (Lenz’s 
Law), the induced voltage causes the diode to become 
forward biased. A silicon diode exhibits a forward volt- 
age drop of approximately 0.7 volt. This limits the in- 
duced voltage to a value of about 0.7 volt. The energy of 
the voltage spike is dissipated as heat by the diode. 


Safety 


Probably the most important function of any control 
system is to provide protection for the operator and 
persons that may be in the vicinity of the machine. 
Protection varies from one type of machine to another 
depending on the specific function of the machine. Many 
machines are provided with both mechanical and electri- 
cal safeguards. 


140 VOLTS 


120 VOLTS 


Figure 1-10 The metal oxide varistor limits the voltage spike to 
140 volts. 





Figure 1-11 A diode is used to prevent voltage spikes on direct 
current coils. 


Pii/Review Questions 


1. When installing a motor control system, list four 
major factors to consider concerning the power 
system. 


2. Where is the best place to look to find specific 
information about a motor, such as horsepower, 
voltage, full load current, service factor, and full 
load speed? 


3. Is the National Electrical Code® a law? 


4. Explain the difference between manual control, 
semiautomatic control, and automatic control. 
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5. What is the simplest of all starting methods for a 8. What agency requires employers to provide 
motor? a workplace free of recognized hazards for its 
? 
6. Explain the difference between jogging and any 
inching. 9, What is meant by the term ramping? 
7. What is the most common method of controlling 10. What is the most important function of any 
the speed of an alternating current motor? control system? 
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DIAG 


When you learned to read, you were first taught a set of symbols that represented 
different sounds. This set of symbols is called the alphabet. Schematics and wiring 
diagrams are the written language of motor controls. Before you can learn to prop- 
erly determine the logic of a control circuit, it is necessary to first learn the written 
language. Unfortunately, there is no actual standard used for motor control symbols. 
Different manufacturers and companies often use their own set of symbols for their 
in-house schematics. Also, schematics drawn in other countries may use an entirely 
different set of symbols to represent different control components. European sche- 
matics often contain symbols adopted by the International Electrotechnical Com- 
mission (IEC). Although symbols can vary from one manufacturer to another, or 
from one country to another, once you have learned to interpret circuit logic, it is 
generally possible to determine what the different symbols represent by the way they 
are used in the schematic. The most standardized set of symbols in the United States 
is provided by the National Electrical Manufacturer’s Association (NEMA). It is 
these symbols that will be discussed in this chapter. 


Push Buttons 


One of the most commonly used symbols in control schematics is the push button. 
Push buttons can be shown as normally closed or normally open. Most are momen- 
tary contact devices in that they make or break connection as long as pressure is ap- 
plied to them. When pressure is removed, they return to their normal position. Push 
buttons contain both movable and stationary contacts. The stationary contacts are 
connected to terminal screws. The normally open push button symbol is character- 
ized by drawing the movable contact above and not touching the stationary contacts 
(Figure 2-1). Because the movable contact is not touching the stationary contacts 
the circuit is open and current cannot flow from one stationary contact to the other. 
The normally closed push button symbol is characterized by drawing the movable 
contact below and touching the two stationary contacts as shown in Figure 2—1. Be- 
cause the movable contact is touching the two stationary contacts there is a complete 
circuit and current can flow from one stationary contact to the other. 


Normally Closed Push Buttons 


The movable contact of the normally closed push button makes contact with the 
two stationary contacts when no pressure is applied to the button as shown in 
Figure 2—2. Because the movable contact touches the two stationary contacts a com- 
plete circuit exists and current can flow from one stationary contact to the other. If 
pressure is applied to the button, the movable contact moves away from the two sta- 
tionary contacts and opens the circuit. When pressure is removed from the button, a 
spring causes the movable contact to return and bridge the two stationary contacts. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Discuss symbols used in the 
drawing of schematic diagrams. 


>> Determine the difference be- 
tween switches that are drawn 
normally open, normally closed, 
normally open held closed, and 
normally closed held open. 


>> Draw standard NEMA 
control symbols. 


>> State rules that apply to 
schematic or ladder diagrams. 


>> Interpret the logic of simple 
ladder diagrams. 
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NORMALLY OPEN 
PUSH BUTTON 
~ MOVABLE CONTACT 


ele 
oo 


a STATIONARY CONTACTS 


NORMALLY OPEN PUSH BUTTONS ARE DRAWN WITH 
THE MOVABLE CONTACT ABOVE AND NOT TOUCHING 
THE STATIONARY CONTACTS. 


Figure 2-1 NEMA standard push button symbols. 


DIRECTION OF FORCE 







STATIONARY 
CONTACT 


TERMINAL SCREW 


MOVABLE 
CONTACT 


Figure 2-2 The movable contact bridges the two stationary contacts. 


The normally closed push button symbol shown in 
Figure 2—1 is characterized by drawing the movable con- 
tact below and touching the two stationary contacts. 


Normally Open Push Button 


The normally open push button is similar to the nor- 
mally closed except that the movable contact does not 
make connection with the two stationary contacts in its 
normal position (Figure 2—3). The normally open push 
button symbol is characterized by drawing the movable 
contact above and not touching the two stationary con- 
tacts as shown in Figure 2-1. When the button is pressed, 
the movable contact moves down and bridges the two 
stationary contacts to form a complete circuit. When 
pressure is removed from the button, a spring returns the 
movable contact to its original position and a circuit no 
longer exists between the two stationary contacts. 


NORMALLY CLOSED 
PUSH BUTTON 


Ses STATIONARY CONTACTS 


NORMALLY CLOSED PUSH BUTTONS ARE DRAWN 
WITH THE MOVABLE CONTACT BELOW AND 
TOUCHING THE STATIONARY CONTACTS. 


MOVABLE CONTACT 


DIRECTION OF FORCE 


MOVABLE 
CONTACT 


TERMINAL 
SCREW : 
SPRING 


Figure 2-3 The movable contact does not bridge the two stationary 
contacts. 






STATIONARY 
CONTACT 


Double Acting Push Buttons 


Another very common push button found throughout in- 
dustry is the double acting push button. Double acting 
push buttons contain both normally open and normally 
closed contacts (Figure 2~4). When pressure is applied to 
the button, the movable contacts break connection with the 
two normally closed stationary contacts, creating an open 
circuit. The movable contacts then bridge the two normally 
open stationary contacts, creating a complete circuit. When 
pressure is removed from the button, a spring causes the 
movable contacts to return to their normal position. Dou- 
ble acting push buttons contain four terminal screws, two 
for the normally closed contacts and two for the normally 
open contacts. When connecting these push buttons, it is 
important to make certain that the wires are connected to 
the correct set of contacts. A schematic symbol for a double 
acting push button is shown in Figure 2—5. The symbol for 
double acting push buttons can actually be drawn in sev- 
eral ways (Figure 2-6). The symbol on the left is drawn with 
two movable contacts connected by a common shaft. When 
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DIRECTION OF FORCE 






MOVABLE CONTACT 
NO SPRING NO 


Figure 2-4 Double acting push buttons contain both normally 


open and normally closed contacts. 


aN NORMALLY CLOSED CONTACTS 


O O 


ay NORMALLY OPEN CONTACTS 


Figure 2-5 Double-acting push button. 


i 


| 4—— DASHED LINE INDICATES 
MECHANICAL CONNECTION 


O 
O 


f 


Figure 2-6 Other symbols used to represent double-acting push 


buttons. 


the button is pressed, the top movable contact breaks away 
from the two stationary contacts at the top to open the cir- 
cuit, and the bottom movable contact bridges to two bot- 
tom stationary contacts to complete the circuit. 

The symbol on the right is very similar to the one on 
the left in that it shows two separate movable contacts. The 
right hand symbol, however, connects the two push button 
symbols together with a dashed line. When components 
are connected together with a dashed line in a schematic 
diagram, it indicates that the components are mechanically 
connected together. If one is pressed, all that are connected 
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Figure 2-7 Double acting push buttons have four terminal screws. 


by the dashed line are pressed at the same time. A typical 
double acting push button is shown in Figure 2-7. 


Stacked Push Buttons 


A circuit employing the use of multiple push buttons is 
shown in Figure 2-8. This circuit illustrates the control 
of three separate motors. An emergency stop button can 
be used to de-energize all three motors at the same time. 
When the emergency stop button is pressed, three nor- 
mally closed push buttons open to disconnect power to 
all three motors, and a normally open push button ener- 
gizes control relay CR. The normally closed CR contact 
opens and disconnects power to the main control circuit. 
A normally open CR contact is used as a holding contact 
to maintain connection to CR coil after the emergency 
stop button is released, and a separate normally open 
CR contact closes to turn on a red indicator light. The 
red light indicates that the emergency stop was activated. 
The circuit will remain in this condition until the reset 
button is pressed. In this circuit, four separate push but- 
tons are controlled at the same time. Push buttons that 
contain multiple contacts are often called stacked push 
buttons. Stacked push buttons are made by connecting 
multiple contact units together, and controlling them 
with a single push button (Figure 29). 


Mushroom Head Push Buttons 


The button portion of most push buttons generally 
exhibits a small surface area and some are slightly 
recessed to help prevent accidental activation as shown 
in Figure 2-7. Mushroom head push buttons, how- 
ever, have a button with a large surface area that ex- 
tends above the button to make them very accessible. 
They are often used as an emergency stop button. 
A mushroom head push button is shown in Figure 2-10. 
The schematic symbol for a mushroom head push 
button is shown in Figure 2-11. 


loor in part. Duc te cloctrenis rights. seme third party oantent may be suppressed from the cBowk andasr oChapter’s). 
sentotdecs net materially affect the secrall leaming experience. Cengage Learning reserves the right te remove additional onntent at any time if subsoquent righ i 


tise § roquite it. 





32 @ Section 1 Basic Control Circuits and Components 


VAAYH 


START 1 
CH EMERGENCY STOP STOP 1 | OL 
OQ | 0 0 O a O (ut) 
\ 
\ 
; M1 
START 2 
; STOP 2 Si on 
& re) & 6 Cy Ea (w2) 
| 
\ 
i M2 
| START 3 
i STOP 3 mei or 


M 
RESET | 


CR 
CR ; 


Figure 2-8 An emergency stop button stops all three motors. 





Figure 2-9 Stacked push buttons are made by connecting 
multiple contact sets together. Components Courtesy of 
Wholesale Electric Supply. Figure 2-10 Mushroom head push button. 
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Figure 2-11 Schematic symbol for a mushroom head push 
button. 





Figure 2-12 Push-pull button. 


Push-Pull Buttons 


Another push button that has found wide use is the push- 
pull button (Figure 2-12). Some push-pull buttons con- 
tain both normally open and normally closed contacts 
similar to double acting push buttons, but the contact 
arrangement is different. Push-pull button can provide 
both the start and stop function in one push button, 
eliminating the space needed for a second push button. 
The symbol for a push-pull button of this type is shown 
in Figure 2-13. A circuit employing a push-pull button 
in a start-stop control circuit is shown in Figure 2-14. 
When the button is pulled, the normally closed contact 
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O O ~— NORMALLY OPEN CONTACTS 


~— NORMALLY CLOSED CONTACTS 


Figure 2-13 The push-pull button contains one set of normally 
closed contacts and one set of normally open contacts. 


[Hees 


==} CONTROL TRANSFORMER 






a PUSH-PULL BUTTON 


Figure 2-14 A push-pull button is used in a start-stop control 
circuit. 


remains closed, and the normally open contact bridges 
the two stationary contacts to complete a circuit to the 
coil of M starter. A set of normally open M contacts 
close to maintain the circuit when the button is released. 
When the button is pushed, the normally closed contacts 
open and open the circuit to the coil of M starter. 
Push-pull button that contain two normally open 
contacts or two normally closed contacts are also avail- 
able. The symbol for a push-pull button that contains 
two normally open contacts is shown in Figure 2-15. 
Push-pull buttons of this type are often used for run- 
jog controls. A run-jog circuit using a push-pull button 
is shown in Figure 2-16. To make the motor run, pull 
the button. When the button is pulled, a circuit is com- 
pleted to control relay CR, causing both CR contacts to 
close. One CR contact maintains the circuit around the 
normally open contacts of the push-pull button, and the 
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O oO 


Figure 2-15 Push-pull buttons also contain two normally open 
contacts. 


Le 


=— CONTROL TRANSFORMER 





PUSH-PULL BUTTON 


Figure 2-16 A push-pull button with two normally open contacts 


is used to control a run-jog circuit. 


other supplies power to the coil of M starter. A separate 
stop button is used to stop the motor. If the push-pull 
button is pressed, a circuit is completed directly to M 
starter coil. Because there are no M contacts to hold the 
circuit, when the button is released the circuit to M coil is 
open and the motor stops running. 


Illuminated Push Buttons 


Illuminated push buttons are another example of pro- 
viding a second function in a single space (Figure 2-17). 
They are often used to indicate that a motor is running, 
stopped, or tripped on overload. Most illuminated push 


buttons are equipped with a small transformer to reduce 
the control voltage to a much lower value (Figure 2-18). 
Lens caps of different colors are available. The sche- 
matic symbol for an illuminated push button is shown in 
Figure 2-19. 





Figure 2—17 |lluminated push button. 





Figure 2—18 Illuminated push buttons generally employ a small 
transformer to reduce the control voltage to a lower value. 


O O 


Figure 2-19 Schematic symbol for an illuminated push button. 
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Hand-Off-Automatic Switches 


Hand-off-automatic (HOA) switches are generally 
used to select the function of a motor controller either 
manually or automatically. They can be a stand-alone 
control as shown in Figure 2—20, or incorporated into a 
start-stop push button station as shown in Figure 2-21. 
A single-break HOA switch used to control the coil of 
a motor starter is shown in Figure 2—22. If the HOA 
switch is set in the off position, no current can flow 
to the coil of the starter. If set in the hand position, 
the coil is connected directly to the power line and the 
motor will run continuously. If the HOA switch is set 
in the auto position, the starter coil is controlled by a 
float switch. 


UAB Be ee ee 


Figure 2-20 Hand-off-automatic switch. 
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Hand-off-automatic or selector switches often con- 
tain double break contacts as shown in Figure 2—23. 
Switches of this type are generally provided with a chart 
showing the contact connections. The X indicates that 
the contacts are closed and the O indicates that they 


GPa 


Tis 


HAND 0 





Figure 2-21 HOA switch incorporated with a start-stop push 
button control. 


L1 L2 


HAND OL 


OFF 


AUTO 3 


Figure 2-22 A single-break HOA switch controls the coil of a 
motor starter. 
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ie TWO-WIRE CONTROL DEVICE 


Figure 2-23 Selector switches often contain double break contacts. 
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Figure 2-24 Selector switch with multiple double break 
contacts. 


are open. Some contact connection charts use an X to 
indicate a complete circuit and a blank space instead of 
O to indicate an open circuit. When the switch is set in 
the hand position, contacts 1 and 2 are closed, and con- 
tacts 3 and 4 are open. When the switch is set in the off 
position, both sets of contacts are open, and when the 
switch is set in the auto position contacts | and 2 are 
open, and contacts 3 and 4 are closed. Selector switches 
often contain multiple sets of contacts as shown in 
Figure 2—24. A selector switch with multiple sets of con- 
tacts is shown in Figure 2-25. 


Selector Push Buttons 


Selector push buttons combine the operation of a selector 
switch and push button in the same unit (Figure 2—26). 
The selector switch is controlled by turning the push but- 
ton sleeve. Some selector push buttons permit the sleeve to 
be set in any of three positions and others permit the sleeve 
to be set in only two positions. The push button sleeve 





Figure 2-25 Selector switch with multiple contacts. 





Figure 2-26 Selector push button. 
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shown in Figure 2—26 may be set in either of two positions. 
Different contact blocks are available that permit different 
contact settings. The contact block shown in Figure 2-27 
contains two sets of bridge type contacts designated as 


COTM eS 





Figure 2-27 Contact block of selector push button. 


SLEEVE LEFT AND PUSH BUTTON FREE 
(A) 


ow 
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SLEEVE RIGHT AND PUSH BUTTON FREE 
(C) 
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A and B. A chart indicating contact connections for differ- 
ent conditions is shown in Figure 2-28. To better under- 
stand the chart and how this selector push button works, 
refer to Figures 2-29 A, B, C, and D. 





PF = PUSH BUTTON FREE 
PD = PUSH BUTTON DEPRESSED 


X = CONTACTS CLOSED 
O = CONTACTS OPEN 








Figure 2-28 Contact chart for selector push button. 


SLEEVE LEFT AND PUSH BUTTON DEPRESSED 


(B) 
B B 
oe go’? 
A A 


©) 


SLEEVE RIGHT AND PUSH BUTTON DEPRESSED 
(D) 


Figure 2-29 Contact connections for different settings of the selector push button. 
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Switch Symbols 


Switch symbols are employed to represent many common 
control sensing devices. There are four basic symbols: 
normally open (NO), normally closed (NC), normally 
open held closed (NOHC), and normally closed held open 
(NCHO). To understand how these switches are drawn, 
it is necessary to begin with how normally open and nor- 
mally closed switches are drawn (Figure 2—30). Normally 
open switches are drawn with the movable contact below 
and not touching the stationary contact. Normally closed 
switches are drawn with the movable contact above and 
touching the stationary contact. 

The normally open held closed and normally closed 
held open switches are shown in Figure 2-31. Note that 
the movable contact of the normally open held closed 
switch is drawn below the stationary contact. The fact 


NORMALLY OPEN SWITCH 


a STATIONARY CONTACT 
On 0 
£. MOVABLE CONTACT 


THE MOVABLE CONTACT IS DRAWN BELOW 
AND NOT TOUCHING THE STATIONARY CONTACT. 


Figure 2-30 Normally open and normally closed switches. 


NORMALLY OPEN 
HELD CLOSED SWITCH 


Bey STATIONARY CONTACT 
O—— 


2 MOVABLE CONTACT 


BECAUSE THE MOVABLE CONTACT IS DRAWN BELOW 
THE STATIONARY CONTACT, THE SWITCH IS NORMALLY 
OPEN. THE SYMBOL SHOWS THE MOVABLE 

CONTACT TOUCHING THE STATIONARY CONTACT. 

THIS POSITION INDICATES THAT THE SWITCH IS BEING 
HELD CLOSED. 


that the movable contact is drawn be/ow the station- 
ary contact indicates that the switch is normally open. 
Because the movable contact is touching the stationary 
contact, however, a complete circuit does exist because 
something is holding the contact closed. A very good ex- 
ample of this type of switch is the low pressure switch 
found in many air conditioning circuits (Figure 2—32). 
The low pressure switch is being held closed by the refrig- 
erant in the sealed system. If the refrigerant should leak 
out, the pressure will drop low enough to permit the con- 
tact to return to its normal open position. This contact 
would open the circuit and de-energize coil C, causing 
both C contacts to open and disconnect the compres- 
sor from the power line. Although the schematic indi- 
cates that the switch is closed during normal operation, 
it would have to be connected as an open switch when it 
is wired into the circuit. 


NORMALLY CLOSED SWITCH 


ee STATIONARY CONTACT 
aD 


ra MOVABLE CONTACT 


THE MOVABLE CONTACT IS DRAWN ABOVE 
AND TOUCHING THE STATIONARY CONTACT. 


NORMALLY CLOSED 
HELD OPEN SWITCH 


ee of STATIONARY CONTACT 
ee 
MOVABLE CONTACT 


BECAUSE THE MOVABLE CONTACT IS DRAWN ABOVE 
THE STATIONARY CONTACT, THE SWITCH IS 
NORMALLY CLOSED. THE SYMBOL SHOWS THE 
MOVABLE CONTACT NOT TOUCHING THE 
STATIONARY CONTACT. THIS POSITION INDICATES 
THAT THE SWITCH IS BEING HELD OPEN. 


Figure 2-31 Normally open held closed and normally closed held open switches. 
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LOW PRESSURE 


THERMOSTAT 
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Figure 2-32 If system pressure drops below a certain value, the normally open held closed low pressure switch opens and 


de-energizes coil C. 





Figure 2—33 Low water warning circuit. 


The normally closed held open switch is shown open 
in Figure 2-31. Although the switch is shown open, it is 
actually a normally closed switch because the movable 
contact is drawn above the stationary contact, indicating 
that something is holding the switch open. A good 
example of how this type of switch can be used is shown 
in Figure 2—33. This circuit is a low water warning 
circuit for a steam boiler. The float switch is held open 
by the water in the boiler. If the water level should drop 
sufficiently, the contacts will close and energize a buzzer 
and warning light. 


BUZZER N 


H 
FLOAT SWITCH 






NORMALLY CLOSED 
CONTACT 


NORMALLY OPEN “oR 
CONTACT 


Figure 2-34 Circuit with labeled components. 


Basic Schematics 


To understand the operation of the circuit shown in 
Figure 2—33, you must understand some basic rules con- 
cerning schematic or ladder diagrams. 


1. Schematics show components in their electri- 
cal sequence without regard for physical location. 
The schematic in Figure 2-33 has been redrawn in 
Figure 2-34. Labels have been added and show a coil 
labeled CR and one normally open and one normally 
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closed contact labeled CR. All of these components 
are physically located on control relay CR. 


2. Schematics are always drawn to show components in 
their de-energized or off state. 


3. Any contact that has the same label or number as a 
coil is controlled by that coil. In this example, both 
CR contacts are controlled by CR coil. 


4. When a coil energizes, all contacts controlled by it 
change position. Any normally open contacts will 
close and normally closed contacts will open. When 
the coil is de-energized the contacts will return to 
their normal state. 


Referring to Figure 2—34, if the water level drops far 
enough, the float switch closes and completes a circuit 
through the normally closed contact to the buzzer and to 
the warning light connected in parallel with the buzzer. 
At this time both the buzzer and warning light are turned 
on. If the silence push button is pressed, coil CR will ener- 
gize and both CR contacts change position. The normally 
closed contact opens and turns off the buzzer. The warn- 
ing light, however, remains on as long as the low water 
level exists. The normally open CR contact connected in 
parallel with the silence push button closes. This contact is 
generally referred to as a holding, sealing, or maintaining 
contact. Its function is to maintain a current path to the 
coil when the push button returns to its normal open posi- 
tion. The circuit remains in this state until the water level 
becomes high enough to reopen the float switch. When the 
float switch opens, the warning light and CR coil turn off. 
The circuit is now back in its original de-energized state. 


Mii/Sensing Devices 


Motor control circuits depend on sensing devices to 
determine what conditions are occurring. They act 
very much like the senses of the body. The brain is the 
control center of the body. It depends on input infor- 
mation such as sight, touch, smell, and hearing to de- 
termine what is happening around it. Control systems 
are very similar in that they depend on such devices as 
temperature switches, float switches, limit switches, flow 
switches, etc, to know the conditions that exist in the cir- 
cuit. These sensing devices are covered in greater detail 
later in the textbook. The four basic types of switches 
are used in conjunction with other symbols to represent 
some of these different kinds of sensing switches. 


Limit Switches 


Limit switches are drawn by adding a wedge to one of 
the four basic switches (Figure 2-35). The wedge repre- 
sents the bumper arm. Common industrial limit switches 
are shown in Figure 2-36. 


NORMALLY CLOSED NORMALLY CLOSED 
LIMIT SWITCH HELD OPEN 
LIMIT SWITCH 
OTTO a 
NORMALLY OPEN NORMALLY OPEN 
LIMIT SWITCH HELD CLOSED 
LIMIT SWITCH 


OO 


sn Seal 


Figure 2-35 Limit switches. 





Figure 2-36 Typical industrial limit switches. 


FLOAT SWITCHES FLOW SWITCHES 


| PRESSURE SWITCHES — SWITCHES 


TEMPERATURE | TEMPERATURE SWITCHES — 


Figure 2-37 Schematic symbols for sensing switches. 


Float, Pressure, Flow, and 
Temperature Switches 


The symbol for a float switch illustrates a ball float. It is 
drawn by adding a circle to a line (Figure 2—37). The 
flag symbol of the flow switch represents the paddle that 
senses movement. The flow switch symbol is used for 
both liquid and air flow switches. The symbol for a pres- 
sure switch is a half circle connected to a line. The flat 
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Courtesy of Honeywell International, Inc. 


part of the semicircle represents a diaphragm. The sym- 
bol for a temperature switch represents a bimetal helix. 
The helix contracts and expands with a change of tem- 
perature. Any of these symbols can be used with any of 
the four basic switches. 

There are many other types of sensing switches that 
do not have a standard symbol. Some of these are photo 
switches, proximity switches, sonic switches, Hall effect 
switches, and others. Some manufacturers employ a special 
type of symbol and label the symbol to indicate the type of 
switch. An example of this is shown in Figure 2-38. 


Coils 


The most common coil symbol used in schematic diagrams 
is the circle. The reason is that letters and/or numbers may 
be written in the circle to identify the coil. Contacts con- 
trolled by the coil are given the same number. Several stan- 
dard coil symbols are shown in Figure 2-39. 


Timed Contacts 


Timed contacts are either normally open or normally 
closed. They are not drawn as normally open held closed 
or normally closed held open. The two basic types of 


PROXIMITY SWITCH X4 


Figure 2-38 Special symbols are often used for sensing devices 


that do not have a standard symbol. 


GENERALLY USED TO REPRESENT THE 
COIL OF A RELAY, CONTACTOR, OR MOTOR 
STARTER 


(LY 
IRON CORE INDUCTOR 


Figure 2~39 Common coil symbols. 
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timers are on delay and off delay. Timed contact symbols 
use an arrow to point in the direction that the contact 
will move at the end of the time cycle. Timers will be dis- 
cussed in detail in a later chapter. Standard timed con- 
tact symbols are shown in Figure 2-40. 


Contact Symbols 


Another very common symbol used on control schemat- 
ics is the contact symbol. The symbol is two parallel lines 
connected by wires (Figure 2-41). The normally open 
contacts are drawn to represent an open connection. 
The normally closed contact symbol is the same as the 
normally open symbol with the exception that a diago- 
nal line is drawn through the contacts. The diagonal line 
indicates that a complete current path exists. 


ON DELAY OFF DELAY 


Figure 2-40 Timed contact symbols. 
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Figure 2-41 Normally open and normally closed contact 
symbols. 
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Other Symbols 


Not only does NEMA have standard symbols for coils 
and contacts, but there are also symbols for transform- 
ers, motors, capacitors, and special types of switches. 
Figure 2-42 shows both common control and electrical 
symbols in a chart. 


IEC Symbols 


Many schematic diagrams provided by European 
companies employ the use of symbols adopted by the 
International Electrotechnical Commission (IEC). 
These Symbols can be confusing to electricians working 
in the United States and Canada. Table 2—1 provides a 
comparison of NEMA symbols and IEC symbols. 


DISCONNECT FUSED THERMAL MAGNETIC THERMAL MAGNETIC FIXED VARIABLE 
eee: CIRCUIT BREAKER | cincuit BREAKER | CIRCUIT BREAKER| CIRCUIT BREAKER FUSES RESISTORS RESISTORS 


eal ra 


102 
: 


ear PRESSURE ON-DELAY OFF-DELAY LIMIT 
eal ra ear SWITCH TIMER TIMER SWITCH 


eee ag | ee 
2 || ae 


MOMENTARY CONTACT DEVICES 
PUSH BUTTONS 


TWO POSITION THREE POSITION le CONTACTS Ley OVERLOAD RELAYS MAINTAINED FOOT 
SELECTOR SWITCH ney eee reset ERMAL CONTACT SWITCH | mouctors _| 


O- 
2, 9) 12. ae] f a 
qe 


TRANSFORMERS 


IRON CORE CURRENT 


ARMATURE SHUNT SERIES COMM. 
FIELD FIELD FIELD 


LIN Ns BLK Oe 


AIR CORE eo VOLTAGE 


al ioe] 


} ptuccIna swrrcnes. | SWITCHES | pwc 


AIR CORE 
ee 
: +o Ss fo IRON CORE 
SVYY. 
PUSH TO TEST 


NS 


THREE PHASE | THREE PHASE MOTORS =| SINGLE PHASE | SINGLE PHASE MOTOR | 


SQUIRREL WOUND SYNCHRONOUS | SQUIRREL REPULSION 
ROTOR CAGE 


| eitocne BRIOGERECTFIER | DIAC | DIODE | LED | TRANSISTOR | TRANSISTOR | TRAC | SCR | GTO | ses _| 


HSCNBUUUE 


ae SS — aE — 


ec Ssh 
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Figure 2-42 Common control and electrical symbols. 
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DESCRIPTION 


CAPACITOR 


MAGNETIC CIRCUIT BREAKER 


THERMAL CIRCUIT BREAKER 


COIL <- 


NORMALLY CLOSED CONTACTS oe oo 
OR SWITCH 


NORMALLY OPEN CONTACTS 
OR SWITCH 4dr x2 


e;ojso 
NON-FUSED DISCONNECT SWITCH / +1 


FUSED DISCONNECT SWITCH 


EARTH GROUND 


INDICATING LIGHTS 


INSERT COLOR CODE INSERT COLOR CODE 
INSIDE SYMBOL NEXT TO SYMBOL 


NORMALLY CLOSED OFF DELAY Tc 
CONTACT OR NORMALLY CLOSED AH ay 
TIMED CLOSE CONTACT. 


CONTACT OR NORMALLY CLOSED 


NORMALLY CLOSED ON DELAY ga ie 
TIMED OPEN CONTACT. k 


NORMALLY OPEN ON DELAY Tc 
CONTACT OR NORMALLY OPEN —{1/ 2° 
TIMED CLOSE CONTACT. 


NORMALLY OPEN OFF DELAY TO 3 
CONTACT OR NORMALLY OPEN + KE 
TIMED OPEN CONTACT. 


SINGLE PHASE 
INDUCTION MOTOR 
THREE PHASE 
INDUCTION MOTOR 
INSERT COLOR CODE 
=. Be INSIDE SYMBOL 


uO INSERT COLOR CODE 
oo INSIDE SYMBOL 


PUSH TO TEST 


ILLUMINATED PUSH BUTTON 


NORMALLY CLOSED PUSH BUTTON ato F- / 
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DESCRIPTION 


NORMALLY OPEN PUSH BUTTON 
MUSHROOM PUSH BUTTON (N.C.) 


MUSHROOM PUSH BUTTON (N.O.) 


RESISTOR 


NORMALLY CLOSED FLOAT SWITCH 
NORMALLY OPEN FLOAT SWITCH 
NORMALLY CLOSED FLOW SWITCH 


NORMALLY OPEN FLOW SWITCH 

NORMALLY CLOSED FOOT SWITCH 

NORMALLY OPEN FOOT SWITCH 

NORMALLY CLOSED LIMIT SWITCH 

NORMALLY OPEN LIMIT SWITCH 

NORMALLY CLOSED PRESSURE SWITCH ie 
NORMALLY OPEN PRESSURE SWITCH Ss 


NORMALLY CLOSED TEMPERATURE SWITCH a. 


NORMALLY OPEN TEMPERATURE SWITCH 


LP a'e 
TWO POSITION SELECTOR SWITCH » 
B 


Ao o 





THREE POSITION SELECTOR SWITCH * : 
B 


Ao o 


CURRENT TRANSFORMER 


ISOLATION OR VOLTAGE TRANSFORMER 


THERMAL OVERLOAD ELEMENT 


MAGNETIC OVERLOAD ELEMENT 





Table 2-1 NEMA symbols as compared to IEC symbols. 
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Mii/Review Questions 


1. The symbol shown is: 
a. Polarized capacitor aif. 
b. Normally closed switch 
c. Normally open held closed a 

switch 
d. Normally open contact 


2. The symbol shown is: = 
a. Normally closed float switch 
b. Normally open held closed float switch 
c. Normally open float switch 
d. Normally closed held open float switch 


3. The symbol shown is: 
a. lron core transformer 
b. Auto transformer 
c. Current transformer 
d. Air core transformer 


E/ 


4. The symbol shown is: 
a. Normally open pressure 
switch 
b. Normally open flow switch 
c. Normally open float switch 
d. Normally open temperature switch 


v 


5. The symbol shown is: HOA 
a. Double-acting push button “ls 
b. Two position selector switch © o 
c. Three position selector switch 
d. Maintained contact push button 


6. If you were installing the circuit in Figure 2-33, 
what type of push button would you use for the 
silence button? 

a. Normally closed 
b. Normally open 


7. Referring to the circuit in Figure 2-33, should the 
float switch be connected as a normally open or 
normally closed switch? 


8. Referring to the circuit in Figure 2-33, what circuit 
component controls the actions of the two CR 
contacts? 


9. Why is a circle most often used to represent a 
coil in a motor control schematic? 


10. When reading a schematic diagram, are the con- 
trol components shown as they should be when 
the machine is turned off or de-energized, or are 
they shown as they should be when the machine 
is in operation? 
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Chapter 3 





Manual starters are characterized by the fact that the operator must go to the loca- 
tion of the starter to initiate any change of action. There are several different types 
of manual starters. Some look like a simple toggle switch with the addition of an 
overload heater. Others are operated by push buttons and may or may not be capable 
of providing low voltage protection. 


Fractional Horsepower Single Phase Starters 


One of the simplest manual motor starters resembles a simple toggle switch with the 
addition of an overload heater (Figure 3-1). The toggle switch lever is mounted on 
the front of the starter and is used to control the on and off operation of the motor. 
In addition to being an on and off switch, it also provides overload protection for 
the motor. An overload heater symbol has been added to the photograph to indicate 
where the overload heater should be connected. A schematic diagram showing the 
overload heater connected in series with the switch is shown in Figure 3-2. When 
current flows, the heater produces heat in proportion to the amount of motor cur- 
rent. If the heater is sized correctly, it will never get hot enough to open the circuit 
under normal operating conditions. If the motor should become overloaded, how- 
ever, Current increases causing a corresponding increase in the heat production by 
the heater. If the heat becomes great enough, it causes a mechanical mechanism to 
trip and open the switch contacts and disconnect the motor from the power line. If 
the starter trips on overload, the switch lever moves to a center position. The starter 
must be reset before the motor can be restarted by moving the lever to the full OFF 
position. This action is basically the same as resetting a tripped circuit breaker. 
The starter shown in this example has only one line contact and is generally used to 
protect motors intended to operate on 120 volts. 

Starters that are intended to protect motors that operate on 240 volts should 
contain two load contacts (Figure 3-3). Although a starter that contains only one 
contact would control the operation of a 240-volt motor, it could create a hazardous 
situation. If the motor were switched off and an electrician tried to disconnect the 
motor, one power line would still be connected directly to the motor. Section 430.103 
of the National Electrical Code® (NEC®*) requires that a disconnecting means open 
all ungrounded supply conductors to a motor. 

Manual starters of this type are intended to control fractional horsepower mo- 
tors only. Motors of 1 horsepower or less are considered fractional horsepower. 
Starters of this type are across-the-line starters. This means that they connect the 
motor directly to the power line. Some motors can draw up to 600 percent of rated 
full load current during starting. These starters generally do not contain large 
enough contacts to handle the current surge of multi-horsepower motors. 


Objectives 
After studying this chapter 
the student will be able to: 


>> Discuss the operation of 
manual motor starters. 


>> Discuss low voltage release. 


>> Connect a manual motor 
starter. 
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Figure 3—1 Single phase manual motor starter. 


Another factor to consider when using a starter of 
this type is that it does not provide low voltage release. 
Most manual starters are strictly mechanical devices and 
do not contain an electrical coil. The contacts are me- 
chanically opened and closed. This simply means that if 
the motor is in operation and the power fails, the mo- 
tor will restart when the power is restored. This can be 
an advantage in some situations where the starter con- 
trols unattended devices such as pumps, fans, blowers, 
air conditioning, and refrigeration equipment. This fea- 
ture saves the maintenance electrician from having to go 
around the plant and restart all the motors when power 
returns after a power failure. 

This automatic restart feature can also be a disad- 
vantage on equipment such as lathes, milling machines, 
saws, drill presses, and any other type of machine that 
may have an operator present. The unexpected and sud- 
den restart of a piece of equipment could cause injury. 


Mounting 


Mounting this type of starter is generally very simple 
because it requires very little space. The compact design 
of this starter permits it to be mounted in a single gang 
switch or conduit box or directly on a piece of machin- 
ery. The open type starter can be mounted in the wall and 
covered with a single gang switch cover plate. The ON 
and OFF markings on the switch lever make it appear to 
be a simple toggle switch. 


120 VAC 


SWITCH 


OVERLOAD 
HEATER 





Figure 3-2 Schematic diagram of a single pole manual starter. 


L2 


aE 


240 VAC 


Figure 3-3 Schematic diagram of a two pole manual starter. 


Like larger starters, fractional horsepower starters 
can be obtained in different enclosures. Some are sim- 
ple sheet metal and are intended to be mounted on the 
surface or on a piece of machinery. If the starter is to 
be mounted in an area containing hazardous vapors or 
gasses, it may require an explosion-proof enclosure 
(Figure 3-4). Other areas that are subject to high moisture 
may require a waterproof enclosure (Figure 3—5). For 
areas that have a high concentration of flammable dust, 
the starter may be housed in a dust-proof enclosure simi- 
lar to the one shown in Figure 3-6. 


Automatic Operation 


It is sometimes necessary to combine the manual starter 
with other sensing devices to obtain the proper control 
desired. When using some type of sensing pilot device to 
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[© MANUAL MOTOR 
STARTING SWITCH 
NEMA 4 ENCL WATERTIGHT . 
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Encné esp) 





ire 3-5 Waterproof enclosure. 





Figure 3—4 Explosion-proof enclosure. ey 
p p SP STARTER 
FOR USE IN RAINTIG 
LOCATIONS. 
NEMA, 38,445 


directly control the operation of a motor, you must make 
sure that the pilot device is equipped with contacts that 


can handle the rated current of the motor. These devices = 
ee aS a) 


are generally referred to as line voltage devices. Line volt- oo ees 
age devices have larger contacts than sensing pilot devices oe re 


intended for use in a motor control circuit that employs 
a magnetic motor starter. The smaller pilot devices in- 
tended for use with magnetic motor starters have contacts 
that are typically rated from | to 3 amperes. Line volt- 
age devices may have contacts rated for 15 to 20 amperes. 
A good example of how a line voltage sensing device can 
be used in conjunction with the manual starter is shown in 
Figure 3—7. In this circuit, a line voltage thermostat is used 
to control the operation of a blower motor. When the tem- 
perature rises to a sufficient level, the thermostat contacts 
close, connecting the motor directly to the power line if 
the manual starter contacts are closed. When the tempera- 
ture drops, the thermostat contact opens and turns off the 
motor. A line voltage thermostat is shown in Figure 3-8. Figure 3-6 Dust-proof enclosure. 
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Another circuit that permits the motor to be con- 
trolled either manually or automatically is shown in 
Figure 3-9. In this circuit a manual/automatic switch is 
used to select either manual or automatic operation of 
a pump. The pump is used to fill a tank when the water 
falls to a certain level. The schematic is drawn to assume 
that the tank is full of water during normal operation. 

In the manual position, the pump is controlled 
by turning the starter on or off. An amber pilot light 
indicates when the manual starter contacts are closed or 
turned on. If the manual/automatic switch is moved to 
the automatic position, as in Figure 3-10, a line voltage 
float switch controls the operation of the pump motor. 
When water in the tank drops low enough, the float 


H 120 VAC N 






| MANUAL 
| STARTER 


v BLOWER 


Figure 3~7 A line voltage thermostat controls the operation of a 
blower motor. 


4 
cr 4 - 
MANUAL STARTER —>| 
| 
| 
| 


FLOAT SWITCH 


Figure 3-9 Pump can be controlled either manually or automatically. 


240 VAC 





switch contact closes and starts the pump motor. When 
water rises to a high enough level, the float switch con- 
tact opens and disconnects the pump motor from the 
line. 





Figure 3-8 Line voltage thermostat. 
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Figure 3-10 Moving the switch to the automatic position permits the float switch to control the pump. 


i!/Manual Push Button Starters 


Manual push button line voltage starters are manufac- 
tured with two or three line voltage contacts. The two 
contact models are intended to control single phase mo- 
tors that operate on 240 volts, or direct current motors. 
The starters that contain three contacts are intended to 
control three phase motors. Push button type manual 
starters are integral, not fractional, horsepower starters. 
Generally, they can control single phase motors rated 
up to 5 horsepower, direct current motors up to 2 horse- 
power, and three phase motors up to 10 horsepower. 
A typical three contact manual push button starter is 
shown in Figure 3-11. A schematic diagram for this type 
of starter is shown in Figure 3—12. 

If any one of the overloads should trip, a mechani- 
cal mechanism opens the load contacts and disconnects 
the motor from the line. Once the starter has tripped 
on overload, it must be reset before the motor can be 
restarted. After allowing enough time for the overload 
heaters to cool, resetting the starter is accomplished by 
pressing the STOP push button with more than nor- 
mal pressure. This extra pressure causes the mechanical 
mechanism to reset so that the motor can restart when 
the START push button is pressed. These starters are 
economical and are generally used with loads that are 
not started or stopped at frequent intervals. Although 
this type of starter provides overload protection, it does 
not provide low voltage release. If the power should fail 
and then be restored, the motor this starter controls 
will restart without warning. 





Figure 3-11 Three phase line voltage manual starter. 


Manual Starter with Low Voltage 
Release 
Integral horsepower manual starters with low voltage 


release will not restart after a power failure with- 
out being reset. This is accomplished by connecting a 
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1 L3 


iat 


TOM r220) Tase 


Figure 3-12 Schematic diagram for a three pole line voltage 


manual starter. 


SOLENOID 
ly 


Figure 3-13 Solenoid provides low voltage release for the 
manual starter. 


solenoid across the incoming power lines (Figure 3—13). 
As long as power is supplied to the starter, the solenoid 
holds a spring-loaded mechanism in place. As long as 
the mechanism is held in place, the load contacts can be 
closed when the START button is pressed. If the power 
is interrupted, the spring-loaded mechanism mechani- 
cally opens the contacts and prevents them from being 
reclosed until the starter has been manually reset. This 
starter will not operate unless power is present at the line 
terminal. This starter should not be confused with mag- 
netic starters controlled by a coil. Magnetic type starters 
are designed to be used with other pilot control devices 
that control the operation of the starter. A manual 
starter with low voltage release is shown in Figure 3—14. 





Courtesy Schneider Electric USA, Inc. 


Figure 3-14 Manual starter with low voltage release. 


Iii/Troubleshooting 


Anytime a motor has tripped on overload, the electrician 
should check the motor and circuit to determine why the 
overload tripped. The first step is generally to determine 
whether the motor is actually overloaded. Some common 
causes of motor overloads are bad bearings in either the 
motor or the load the motor operates. Shorted windings 
in the motor can cause the motor to draw excessive cur- 
rent without being severe enough to blow a fuse or trip 
a circuit breaker. The simplest way to determine if the 
motor is overloaded is to find the motor full load cur- 
rent on the nameplate and then check the running cur- 
rent with an ammeter (Figure 3—15). If checking a single 
phase motor, it is necessary to check only one of the in- 
coming lines. If checking a three phase motor, each line 
should be checked individually. The current flow in each 
line of a three phase motor should be relatively the same. 
A small amount of variation is not uncommon, but if 
the current is significantly different in any of the lines, 
it is an indication of internally shorted windings. Over- 
loads are generally set to trip at 115 percent to 125 per- 
cent of motor full load current, depending on the motor. 
If the ammeter reveals that the motor is drawing exces- 
sive current, the reason must be determined before the 
motor can be put back into operation. 

Excessive current is not the only cause for an over- 
load trip. Thermal overloads react to heat. Any heat 
source can cause an overload to trip. If the motor is 
not drawing an excessive amount of current, the electri- 
cian should determine any other sources of heat. Loose 
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Figure 3-15 Checking motor current. 


connections are one of the greatest sources of heat. 
Check the wires for insulation that has been overheated 
close to terminal screws. Any loose connection on the 
starter can cause an overload trip. Make sure that all 
connections are tight. Another source of heat is ambient 
or surrounding air temperature. In hot climates, the sur- 
rounding air temperature combined with the heat caused 
by motor current can be enough to cause the overload 
to trip. It may be necessary to set a fan that blows on the 
starter to help remove excess heat. Manual starters that 
are installed in a switchbox inside a wall are especially 
susceptible to ambient temperature problems. In this 
case it may be necessary to install some type of vented 
cover plate. 


Mii/Review Questions 


1. A manual motor starter controls a single phase 
120 volt motor. The motor is not running, and the 
switch handle on the starter is found to be in the 
center position. What does this indicate? 
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. Referring to the above question, what action 


is necessary to restart the motor and how is it 
accomplished? 


. Asingle phase motor operates on 240 volts. Why 


should a starter that contains two load contacts 
be used to control this motor? 


. Apush button manual starter has tripped on over 


load. Explain how to reset the starter so the mo- 
tor can be restarted. 


. What is meant by the term /ine voltage on some 


pilot sensing devices? 


. Explain the difference between manual motor 


starters that provide low voltage release and 
those that do not. 


What is the simplest way to determine if a motor 
is overloaded? 


8. Refer to the circuit shown in Figure 3-7, What 


10. 


type of switch is connected in series with the 
motor and is the switch normally open, normally 
closed, normally open held closed, or normally 
closed held open? 


. Refer to the circuit shown in Figure 3-10. When 


would the amber pilot light be turned on? 

a. When the manual/automatic switch is set in the 
manual position. 

b. When the float switch contacts are closed. 

c. Anytime the manual starter is turned on. 

d. Only when the manual/automatic switch is set 
in the manual position. 


Refer to the circuit shown in Figure 3-10. Is the float 
switch normally open, normally closed, normally 
open held closed, or normally closed held open? 
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Overloads should not be confused with fuses or circuit breakers. Fuses and circuit 
breakers are designed to protect the circuit from a direct ground or short-circuit con- 
dition. Overloads are designed to protect the motor from an overload condition. As- 
sume, for example, that a motor has a full load current rating of 10 amperes. Also 
assume that the motor is connected to a circuit that is protected by a 20 ampere cir- 
cuit breaker (Figure 4-1). Now assume that the motor becomes overloaded and has 
a current draw of 15 amperes. The motor is drawing 150 percent of full load current. 
This much of an overload will overheat the motor and damage the windings. Because 
the current is only 15 amperes, the 20 ampere circuit breaker will not open the circuit 
to protect the motor. Overload relays are designed to open the circuit when the cur- 
rent becomes 115 percent to 125 percent of the motor full load current. The setting 
of the overload depends on the properties of the motor that is to be protected. 


Overload Properties 
All overload relays must possess certain properties in order to protect a motor. 


1. They must have some means of sensing motor current. Some overload relays do 
this by converting motor current into a proportionate amount of heat and oth- 
ers sense motor current by the strength of a magnetic field. 


2. They must have some type of time delay. Motors typically have a current draw 
of 300 percent to 800 percent of motor full load current when they start. Motor 
starting current is referred to as locked rotor current. Because overload relays are 
generally set to trip at 115 percent to 125 percent of full load motor current, the 
motor could never start if the overload relay tripped instantaneously. 


3. Overload relays are divided into two separate sections: the current sensing section 
and the contact section. The current sensing section is connected in series with 
the motor and senses the amount of motor current. This section is typically con- 
nected to voltages that range from 120 volts to 600 volts. The contact section is 
part of the control circuit and operates at the control circuit voltage. Control 
circuit voltages generally range from 24 volts to 120 volts. 


Mi!/Dual Element Fuses 


Some fuses are intended to provide both short circuit protection and overload pro- 
tection. These fuses are called dual element time delay fuses. They contain two sec- 
tions (Figure 42). The fuse link is designed to open quickly under a large amount 
of excessive current. This link protects the circuit against direct grounds and short 
circuits. The second contains a solder link that is connected to a spring. The solder 


Objectives 


After studying this chapter 
the student will be able to: 


>> Discuss differences 


between fuses and overloads. 


>> List different types of 
overload relays. 


>> Describe how thermal 
overload relays operate. 


>> Describe how magnetic 
overload relays operate. 


>> Describe how dashpot 
overload relays operate. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole or in part. Duc te cloctrenic rights. seme third party uentent may he suppressed from the eBook andor oChapterfs). 


Editorial review has decmed that any su) 





sentntdecs net materially affect the ecrall leaming experi¢nee, Con gage Learning reserves the right te remove additional onntent at any time if subsoquent rights restrictions require it. 


53 


54 @ Section 1 Basic Control Circuits and Components 


TO NEUTRAL 


TO HOT 


15 AMPS 


CIRCUIT 
BREAKER 


AMMETER 







Figure 4-1 The circuit breaker does not protect the motor from an overload. 


SOLDER SPRING 


FUSE ELEMENT 





Figure 4—2 Dual element time delay fuse. 


is a highly controlled alloy designed to melt at a particu- 
lar temperature. If motor current becomes excessive, the 
solder melts and the spring pulls the link apart. The nec- 
essary time delay is achieved because of the time it takes 
for the solder to melt, even under a large amount of cur- 
rent. If motor current returns to normal after starting, 
the solder will not get hot enough to melt. 


MijiiThermal Overload Relays 


There are two major types of overload relays: thermal 
and magnetic. Thermal overloads operate by connecting 
a heater in series with the motor. The amount of heat 
produced depends on motor current. Thermal overloads 
can be divided into two types: solder melting type or sol- 
der pot, and bimetal strip. Because thermal overload re- 
lays operate on the principle of heat, they are sensitive to 
ambient (surrounding air) temperature. They trip faster 
when located in a warm area than in a cool area. 


Solder Melting Type 


Solder melting type overloads are often called solder pot 
overloads. A brass shaft is placed inside a brass tube. A 
serrated wheel is connected to one end of the brass shaft. 
A special alloy solder that melts at a very specific tem- 
perature keeps the brass shaft mechanically connected 
to the brass tube (Figure 4-3). The serrated wheel keeps 
a set of spring-loaded contacts closed (Figure 44). An 
electric heater is placed around or close to the brass tube. 
The heater is connected in series with the motor. Motor 
current causes the heater to produce heat. If the current 
is great enough for a long enough period of time, the sol- 
der melts and permits the brass shaft to turn inside the 
tube, causing the contact to open. The fact that time must 
elapse before the solder can become hot enough to melt 
provides the delay for this overload relay. A large overload 


SERRATED WHEEL BRASS SHAFT 


BRASS TUBE yy 





SOLDER 


Figure 4—3 Construction of a typical solder pot overload. 
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Figure 44 Melting alloy thermal overload relay. Spring pushes contact open as heat melts alloy allowing ratchet wheel to turn 
freely. Note electrical symbols for heater and normally closed contact. 


causes the solder to melt faster and causes the contacts to 
open quicker than a smaller amount of overload current. 
Manufacturers construct overload heaters differ- 
ently, but all work on the same principle. Two different 
types of melting alloy heater assemblies are shown in 
Figures 4-5 A and B. A typical melting alloy type over- 
load relay is shown in Figure 4-6. After the overload re- 
lay has tripped, it is necessary to allow the relay to cool 


for 2 or 3 minutes before it can be reset. This cool-down 
time is necessary to permit the solder to become hard 
again after it has melted. 

The current setting can be changed by changing the 
heater. Manufacturers provide charts that indicate what 
size heater should be installed for different amounts of 
motor current. It is necessary to use the chart that cor- 
responds to the particular type of overload relay. Not 





Figure 4—5A Melting alloy type overload heater. 


Figure 4—5B Melting alloy type overload heater. 
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Figure 4—6 Typical melting alloy type overload relay. 


all charts present the information in the same manner. 
Be sure to read the instructions contained with the chart 
when selecting heater sizes. A typical overload heater 
chart is shown in Figure 4-7. 


Bimetal Strip Overload Relay 


The second type of thermal overload relay is the bimetal 
strip overload. Like the melting alloy type, it operates on 
the principle of converting motor current into a propor- 
tionate amount of heat. The difference is that the heat 
causes a bimetal strip to bend or warp. A bimetal strip is 
made by bonding together two different types of metal 
that expand at different rates (Figure 4-8). Because the 
metals expand at different rates, the strip bends or warps 
with a change of temperature (Figure 4-9). The amount 
of warp is determined by: 


OVERLOAD HEATER SELECTION FOR NEMA STARTER SIZES 00-1. HEATERS ARE CALIBRATED FOR 115% OF MOTOR FULL 
LOAD CURRENT. FOR HEATERS THAT CORRESPOND TO 125% OF MOTOR FULL LOAD CURRENT USE THE NEXT SIZE 


LARGER HEATER. 


HEATER MOTOR FULL LOAD HEATER MOTOR FULL LOAD HEATER MOTOR FULL LOAD 
CODE CURRENT CODE CURRENT CODE CURRENT 


0.25-0.27 
0.28-0.31 
0.32-0.34 
0.35-0.38 
0.39-0.42 
0.43-0.46 
0.47-0.50 
0.51-0.55 
0.56-0.62 
0.63-0.68 
0.69-0.75 
0.76-0.83 
0.84-0.91 
0.92-1.00 
1.01-1.11 
1512=1-22 
1.23-1.34 


Figure 4~7 Typical overload heater chart. 





1.35-1.47 6.5-7.1 
1.48-1.62 7.2-7.8 
1.63-1.78 7.9-8.5 
1.79-1.95 8.6-9.4 
1.96-2.15 9.5-10.3 
2.16-2.35 10.4-11.3 
2.36-2.58 11.4-12.4 
2.59-2.83 12.5-13.5 


2.84-3.11 13.6-14.9 


3.12-3.42 15.0-16.3 


3.43-3.73 16.4-18.0 
3.74-4.07 18.1-19.8 
4.08-4.39 19:9-21.7 
4.40-4.87 21.8-23.9 
4.88-5.3 24.0-26.2 
5.4-5.9 
6.0-6.4 
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Figure 4-8 A bimetal strip is constructed by bonding two differ- 


ent metals together. 








Figure 4-9 A bimetal strip warps with a change of temperature. 


1. The type of metals used to construct the bimetal strip. 


2. The difference in temperature between the two ends 
of the strip. 


3. The length of the strip. 


The overload heater heats the bimetal strip when 
motor current flows through it. The heat causes the bi- 
metal strip to warp. If the bimetal strip becomes hot 
enough, it causes a set of contacts to open (Figure 4-10). 
Once the overload contact has opened, about 2 minutes 
of cool-down time is needed to permit the bimetal strip 
to return to a position that permits the contacts to re- 
close. The time delay factor for this overload relay is the 
time required for the bimetal strip to warp a sufficient 
amount to open the normally closed contact. A large 
amount of overload current causes the bimetal strip to 
warp at a faster rate and open the contact sooner. 
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Figure 4-10 Bimetal strip type overload relay. 


Most bimetal strip type overload relays have a 
couple of features that are not available with solder 
melting type overload relays. As a general rule, the 
trip range can be adjusted by turning the knob shown 
in Figure 4-10. This knob adjusts the distance the 
bimetal strip must warp before opening contacts. This 
adjustment permits the sensitivity to be changed due 
to changes in ambient air temperature. If the knob 
is set in the 100 percent position (Figure 4-11), the 





Figure 4-11 An adjustment knob permits the full load motor cur- 
rent to be adjusted between 85 percent and 115 percent. 
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Figure 4-12 Many bimetal strip type overload relays can be set 
for manual or automatic reset. 


overload operates at the full load current rating as de- 
termined by the size overload heater installed. In cold 
winter months, this setting may be too high to protect 
the motor. The knob can be adjusted to operate at any 
point from 100 percent to 85 percent of the motor full 
load current. In hot summer months, the motor may 
nuisance trip due to high ambient temperatures. The 
adjustment knob permits the overload relay to also be 
adjusted between 100 percent and 115 percent of mo- 
tor full load current. 

Another difference is that many bimetal strip type 
overload relays can be set for either manual or auto- 
matic reset. A spring located on the side of the overload 
relay permits this setting (Figure 4-12). When set in the 
manual position, the contacts must be reset manually 


M 


by pushing the reset lever. This is probably the most 
common setting for an overload relay. If the overload 
relay has been adjusted for automatic reset, the con- 
tacts will reclose by themselves after the bimetal strip 
has cooled sufficiently. This may be a safety hazard if it 
could cause the sudden restarting of a machine. Over- 
load relays should be set in the automatic reset position 
only when there is no danger of someone being hurt or 
equipment being damaged when the overload contacts 
suddenly reclose. 


Three Phase Overloads 


The overload relays discussed so far are intended to detect 
the current of a single conductor supplying power to a mo- 
tor (Figure 4-13). An application for this type of overload 
relay is to protect a single phase or direct current motor. 
Section 430.37 and Table 430.37 of the National Electrical 
Code* requires only one overload sensor device to protect 
a direct current motor or a single phase motor whether it 
operates on 120 volts or 240 volts. Three phase motors, 
however, must have an overload sensor (heaters or mag- 
netic coils) in each of the three phase lines. Some motor 
starters accomplish this by employing three single overload 
relays to sense the current in each of the three phase lines 
(Figure 4-14). When this is done, the normally closed con- 
tact of each overload relay is connected in series as shown in 
Figure 4-15. If any one of the relays should open its nor- 
mally closed contact, power to the starter coil is inter- 
rupted and the motor is disconnected from the power line. 

Overload relays are also made that contain three 
overload heaters and one set of normally closed con- 
tacts (Figure 4-16). These relays are generally used 





Figure 4—13 A single overload relay is used to protect a single phase motor. 
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Figure 4-16 Three phase thermal overload relay. 


to protect three phase motors. Although there is only 
one set of normally closed contacts, if an overload 
occurs on any one of the three heaters, it causes the 
Figure 4—14 Three single overload relays are used to sense the contacts to open and disconnect the coil of the motor 
current in each of the three phase lines. starter (Figure 4-17). 
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Figure 4-15 When three single overload relays are employed to protect a three phase motor, all normally closed overload contacts 
are connected in series. 
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Figure 4-17 A three phase overload relay contains three heaters but only one set of normally closed contacts. 


Dii/Magnetic Overload Relays 


Magnetic type overload relays operate by sensing the 
strength of the magnetic field produced by the cur- 
rent flow to the motor. The greatest difference between 
magnetic type and thermal type overload relays is that 
magnetic types are not sensitive to ambient temperature. 
Magnetic type overload relays are generally used in ar- 
eas that exhibit extreme changes in ambient temperature. 


TOROID TRANSFORMER 


SOLID-STATE INTERFACE me 


Magnetic overload relays can be divided into two major 
types: electronic and dashpot. 


Electronic Overload Relays 


Electronic overload relays employ a current trans- 
former to sense the motor current. The conductor 
that supplies power to the motor passes through the 
core of a toroid transformer (Figure 4-18). As current 
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Figure 4-18 Electronic overloads sense motor current by measuring the strength of a magnetic field. 
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Figure 4-19 Three phase electronic overload relay. 


flows through the conductor, the alternating magnetic 
field around the conductor induces a voltage into the 
toroid transformer. The amount of induced voltage is 
proportional to the amount of current flowing through 
the conductor. The same basic principle of operation is 
employed by most clamp-on type ammeters. The volt- 
age induced into the toroid transformer is connected 
to an electronic interface that provides the time delay 
necessary to permit the motor to start. Many electronic 
type overload relays are programmable and can be set 
for the amount of full load motor current, maximum 
and minimum voltage levels, percent of overload, and 
other factors. A three phase electronic overload relay is 
shown in Figure 4-19. 


Dashpot Overload Relays 


Dashpot overload relays receive their name from the 
method used to accomplish the time delay that per- 
mits the motor to start. A dashpot timer is used to 
provide this time delay. A dashpot timer is basically 
a container, a piston, and a shaft (Figure 4-20). The 
piston is placed inside the container and the container 
is filled with a special type of oil called dashpot oil 
(Figure 4-21). Dashpot oil maintains a constant 
viscosity over a wide range of temperatures. The type 
and viscosity of oil used is one of the factors that de- 
termine the amount of time delay for the timer. The 
other factor is setting the opening of the orifices in 
the piston (Figure 4—22). Orifices permit the oil to 
flow through the piston as it rises through the oil. The 
opening of the orifices can be set by adjusting a slid- 
ing valve on the piston. 


Courtesy Schneider Electric USA, Inc. 
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Figure 4-20 A dashpot timer is a container, piston, and shaft. 
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Figure 4-21 Basic construction of a dashpot timer. 





Figure 4~22 Setting the opening of the orifices affects the tide 
delay of the dashpot timer. 
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Figure 4-23 Dashpot overload relays contain current coils connected in series with the motor. 


The dashpot overload relay contains a coil that is 
connected in series with the motor (Figure 4-23). As 
current flows through the coil, a magnetic field is devel- 
oped around the coil. The strength of the magnetic field 
is proportional to the motor current. This magnetic field 
draws the shaft of the dashpot timer into the coil. The 
shaft’s movement is retarded by the fact that the piston 
must displace the oil in the container. If the motor is op- 
erating normally, the motor current drops to a safe level 
before the shaft is drawn far enough into the coil to open 
the normally closed contact (Figure 4-24). If the motor 
is overloaded, however, the magnetic field will be strong 
enough to continue drawing the shaft into the coil until it 
opens the overload contact. When power is disconnected 
from the motor, the magnetic field collapses and the pis- 
ton returns to the bottom of the container. Check valves 
permit the piston to return to the bottom of the con- 
tainer almost immediately when motor current ceases. 

Dashpot overloads generally provide some method 
that permits the relay to be adjusted for different full 
load current values. To make this adjustment, the shaft 
is connected to a threaded rod (Figure 4—25). This per- 
mits the shaft to be lengthened or shortened inside the 
coil—the greater the length of the shaft the less current 
required to draw the shaft into the coil far enough to 
open the contacts. A nameplate on the coil lists the dif- 
ferent current settings for a particular overload relay 
(Figure 4—26). The adjustment is made by moving the 
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Figure 4-24 Normally closed contact of a dashpot timer. 
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Figure 4-25 The length of the shaft can be adjusted for different Figure 4-27 The line on the shaft that represents the desired 
values of current. amount of current is set flush with the top of the dashpot container. 


shaft until the line on the shaft that represents the de- 
sired current is flush with the top of the dashpot con- 
tainer (Figure 4-27). A dashpot overload relay is shown 
in Figure 4-28. 
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Courtesy EC&M Company, LLC 


Figure 4—26 The nameplate lists different current settings. Figure 4-28 Dashpot overload relay. 
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Pi!/Overload Contacts 


Although all overload relays contain a set of normally 
closed contacts, some manufacturers also add a set 
of normally open contacts as well. These two sets of 
contacts are either in the form of a single pole double 
throw switch or as two separate contacts. The single 
pole double throw switch arrangement contains a com- 
mon terminal (C), a normally closed terminal (NC), 
and a normally open terminal (NO). There are several 
reasons for adding the normally open set of contacts. 


CONTROL TRANSFORMER 





The starter shown in Figure 4-29 uses the normally 
closed section to disconnect the motor starter in the 
event of an overload, and the normally open section 
to turn on a light to indicate that the overload has 
tripped. 

Another common use for the normally open set 
of contacts on an overload relay is to provide an input 
signal to a programmable logic controller (PLC). If the 
overload trips, the normally closed set of contacts 
opens and disconnects the starter coil from the line. 
The normally open set of contacts closes and provides 


Figure 4-29 The overload relay contains a single pole double throw set of contacts. 
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Figure 4-30 The normally open overload contact provides a signal to the input of a programmable logic controller. 


a signal to the input of the PLC (Figure 4-30). No- 
tice that two interposing relays, CR1 and CR2, are 
used to separate the programmable logic controller 
and the motor starter. This separation is often done 
for safety reasons. The control relays prevent more 
than one source of power from entering the starter or 
programmable controller. Note that the starter and 
programmable controller each have a separate power 
source. If the power was disconnected from the starter, 
for example, it could cause an injury if the power from 
the programmable controller was connected to any 
part of the starter. 


fiii/Protecting Large Horsepower 
Motors 


Large horsepower motors often have current draws 
of several hundred amperes, making the sizing of 
overload heaters difficult. When this is the case, it is 
common practice to use current transformers to re- 
duce the amount of current to the overload heaters 
(Figure 4-31). The current transformers shown in 
Figure 4-31 have ratios of 150:5. This ratio means 
that when 150 amperes of current flows through the 





Figure 4—31 Current transformers reduce overload current. 


primary, which is the line connected to the motor, the 
transformer secondary produces a current of 5 am- 
peres when the secondary terminals are shorted to- 
gether. The secondaries of the current transformers 
are connected to the overload heaters to provide pro- 
tection for the motor (Figure 4-32). Assume that the 
motor connected to the current transformers in Figure 
4-32 has a full load current of 136 amperes. A simple 
calculation reveals that current transformers with a 
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Figure 432 Current transformers reduce the current to the overload heaters. 


ratio of 150:5 would produce a secondary current of Large size starters often contain current transform- 
4.533 amperes when 136 amperes flow through the ers as an integral part of the starter. The size 6 starter 
primary. illustrated in Figure 4-33 contains current transformers 
150 _ 136 
5 X 
150X = 680 
_ 680 
a 150 
X = 4,533 


The overload heaters would actually be sized for a 
motor with a full load current of 4.533 amperes. The 
typical overload heater chart shown in Figure 4—7 indi- 
cates that a XX31 heater would be used if the overload 
is sized at 115 percent of motor full load current and a 
XX32 heater would be used if the overload is sized at Figure 4—33 Large starters are often provided with current 
125 percent of motor full load current. transformers. 
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with a ratio of 300:5 on each of the input connections. 
The secondary or outputs of these transformers are con- 
nected directly to the overload heater elements. 


Mi//Review Questions 


1. What are the two basic types of overload relays? 


2. What is the major difference in characteristics be- 
tween thermal type and magnetic type overload 
relays? 


3. What are the two major types of thermal overload 
relays? 


4. What type of thermal overload relay can generally 
be set for manual or automatic operation? 


5, Why is it necessary to permit a solder melting 
type of overload relay to cool for 2 to 3 minutes 
after it has tripped? 


6. 
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All overload relays are divided into two sections. 
What are these two sections? 


7. What device is used to sense the amount of 


8. 


2 


10. 


motor current in an electronic overload relay? 


What two factors determine the time setting for a 
dashpot timer? 


How many overload sensors are required by the 
National Electrical Code® to protect a direct cur 
rent motor? 


A large motor has a full load current rating of 
425 amperes. Current transformers with a ratio 
of 600:5 are used to reduce the current to the 
overload heaters. What should be the full load 
current rating of the overload heaters? 
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ND MOTOR STARTERS 


Relays and contactors are electromechanical switches. They operate on the solenoid 
principle. A coil of wire is connected to an electric current. The magnetic field devel- 
oped by the current is concentrated in an iron pole piece. The electromagnet attracts 
a metal armature. Contacts are connected to the metal armature. When the coil is 
energized, the contacts open or close. There are two basic methods of constructing 
a relay or contactor. The clapper type uses one movable contact to make connection 
with a stationary contact. The bridge type uses a movable contact to make connec- 
tion between two stationary contacts. 


ii/Relays 


Relays are electromechanical switches that contain auxiliary contacts. Auxiliary 
contacts are small and are intended to be used for control applications. As a 
general rule, they are not intended to control large amounts of current. Current 
ratings for most relays can vary from | to 10 amperes depending on the manufac- 
turer and type of relay. A clapper type relay is illustrated in Figure 5—1. When the 
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Figure 5-1 A magnetic relay is basically a solenoid with movable contacts attached. 





Objectives 
After studying this chapter 
the student will be able to: 


>> Discuss the operation of 
magnetic type relay devices. 


>> Explain the difference 
between relays, contactors, 
and motor starters. 


>> Connect a relay in a circuit. 


>> Identify the pins of 8 and 
11 pin relays. 


>> Discuss the differences 
between DC and AC type relays 
and contactors. 


>> Discuss difference between 
NEMA- and IEC-rated starters. 
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coil is energized, the armature is attracted to the iron 
core inside the coil. This attraction causes the moy- 
able contact to break away from one stationary contact 
and make connection with another. The common ter- 
minal is connected to the armature, which is the mov- 
able part of the relay. The movable contact is attached 
to the armature. The two stationary contacts form the 
normally closed and normally open contacts. A spring 
returns the armature to the normally closed position 
when power is removed from the coil. The shading coil 
is necessary to prevent the contacts from chattering. 
All solenoids that operate on alternating current must 
have a shading coil. Relays that operate on direct cur- 
rent do not require them. A clapper type relay is shown 
in Figure 5—2. 


Bridge Type Relay 


A bridge type relay operates by drawing a piece of 
metal or plunger inside a coil, Figure S—3. The plunger 
is connected to a bar that contains movable contacts. 
The movable contacts are mounted on springs and are 
insulated from the bar. The plunger and bar assembly 
are called the armature because they are the moving 
part of the relay. Bridge contacts receive their name 
because when the solenoid coil is energized and the 
plunger is drawn inside the coil, the movable contacts 
bridge across the two stationary contacts. Bridge con- 
tacts can control more voltage than clapper types be- 
cause they break connection at two places instead of 
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STATIONARY CONTACTS S$ td td GS 


MOVABLE CONTACTS —> = 


\ 
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one. When power is removed from the coil, the force 
of gravity or a spring returns the movable contacts to 
their original position. A relay with bridge type con- 
tacts is shown in Figure 5-4. 
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Figure 5-2 Single pole double throw clapper type relay. 
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Figure 5-3 Bridge type contacts use one movable and two stationary contacts. They can control higher voltages because they 


break connection in two places instead of one. 
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Figure 5—4 A relay with bridge type contacts. 


Mi//E\ectromagnet Construction 


The construction of the electromagnetic part of a relay 
or contactor greatly depends on whether it is to be oper- 
ated by direct or alternating current. Relays and contac- 
tors that are operated by direct current generally contain 
solid core materials, while those intended for use with 
alternating current contain laminated cores. The main 
reason is the core losses associated with alternating cur- 
rent caused by the continuous changing of the electro- 
magnetic field. 


Core Losses 


This continuous change of both amplitude and polarity 
of the magnetic field causes currents to be induced into 
the metal core material. These currents are called eddy 
currents because they are similar to eddies (swirling cur- 
rents) found in rivers. Eddy currents tend to swirl around 
inside the core material producing heat (Figure 5—5). 
Laminated cores are constructed with thin sheets of 
metal stacked together. A thin layer of oxide forms 
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EDDY CURRENTS SWIRL AROUND INSIDE A PIECE 
OF SOLID CORE MATERIAL. 


Mn 





LAMINATING THE CORE HELPS REDUCE 
THE FORMATION OF EDDY CURRENTS. 


Figure 5-5 Eddy currents are induced into the metal core and 
produce power loss in the form of heat. 


between the laminations. This oxide is an insulator and 
helps reduce the formation of eddy currents. 

Another type of core loss associated with alternating 
current devices is called hysteresis loss. Hysteresis loss is 
caused by the molecules inside magnetic materials chang- 
ing direction. Magnetic materials such as iron or soft 
steel contain magnetic domains or magnetic molecules. 
In an unmagnetized piece of material, these magnetic do- 
mains are not aligned in any particular order (Figure 5-6). 
If the metal becomes magnetized, the magnetic mol- 
ecules or domains align themselves in an orderly fash- 
ion (Figure 5—7). If the polarity of the magnetic field is 
reversed, the molecules realign themselves to the new 
polarity (Figure 5-8). Although the domains realign to 
correspond to a change of polarity, they resist the realign- 
ment. The power required to cause them to change polarity 
is a power loss in the form of heat. Hysteresis loss is often 
referred to as molecular friction because the molecules are 
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continually changing direction in an alternating current 
field. Hysteresis loss is proportional to the frequency. At 
low frequencies such as 60 Hz, it is generally so small that it 
is of little concern. 


Shading Coils 


As mentioned previously, all solenoid-type devices that 
operate on alternating current contain shading coils to 
prevent chatter. The current in an AC circuit is contin- 
ually increasing from zero to a maximum value in one 
direction, returning to zero, and then increasing to a 
maximum value in the opposite direction (Figure 5—9). 
Because the current is continually falling to zero, the so- 
lenoid spring or gravity would continually try to drop out 
the armature when the magnetic field collapses. Shad- 
ing coils provide a time delay for the magnetic field to 
prevent this from happening. As current increases from 
zero, magnetic lines of flux concentrate in the metal pole 
piece (Figure 5-10). This increasing magnetic field cuts 
the shading coil and induces a voltage into it. Because 
the shading coil or loop is a piece of heavy copper, it has 
a very low resistance. A very small induced voltage can 
cause a large amount of current to flow in the loop. The 
current flow in the shading coil causes a magnetic field to 
be developed around the shading coil also. This magnetic 
field acts in opposition to the magnetic field in the pole 
piece and causes it to bend away from the shading coil 
(Figure 5-11). As long as the AC current is changing in 
amplitude, a voltage will be induced in the shading loop. 
When the current reaches its maximum or peak value, 
the magnetic field is no longer changing and no voltage 
is induced in the shading coil. Because the shading coil 





Figure 5-6 Ina piece of unmagnetized metal, the molecules are 
in disarray. 





Figure 5-7 In apiece of magnetized material, the magnetic 
molecules are aligned. 





Figure 5-8 When the magnetic polarity changes, all the Figure 5—9 The current in an AC circuit continually changes 
molecules change position. amplitude and direction. 
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CURRENT BEGINS TO RISE 





Figure 5-10 As current begins to rise, a magnetic field is 
concentrated in the pole piece. 


has no current flow, there is no magnetic field to oppose 
the magnetic field of the pole piece (Figure 5—12). 

When the current begins to decrease, the magnetic 
field of the pole piece begins to collapse. The collapsing 
magnetic field again induces a voltage into the shading 
coil. Because the collapsing magnetic field is moving in 
the opposite direction, the voltage induced in the shading 
coil causes current to flow in the opposite direction pro- 
ducing a magnetic field of the opposite polarity around 
the shading coil. The magnetic field of the shading coil 
now tries to maintain the collapsing magnetic field of the 
pole piece (Figure 5-13). This collapse causes the mag- 
netic flux lines of the pole piece to concentrate in the 
shaded part of the pole piece. The shading coil provides 
a continuous magnetic field to the pole piece, preventing 
the armature from dropping out. A laminated pole piece 
with shading coils is shown in Figure 5—14. 


Control Relay Types 


Control relays can be obtained in a variety of styles 
and types (Figure 5-15). Most have multiple sets of 
contacts and some are constructed in such a manner 


CURRENT CONTINUES TO RISE 





Figure 5-11 The magnetic field of the shading coil causes the 
magnetic field of the pole piece to bend away and concentrate in 
the unshaded portion of the pole piece. 


that their contacts can be set as either normally open 
or normally closed. This flexibility can be a great ad- 
vantage. When a control circuit is being constructed, 
one relay may require three normally open contacts 
and one normally closed, while another may need two 
normally open and two normally closed contacts. 
Relays that are designed to plug into 8 or 11 pin tube 
or relay sockets are very popular for many applications 
(Figure 5-16). These sockets are often referred to as tube 
sockets because they were originally used for making con- 
nection to vacuum tubes. Relays of this type are relatively 
inexpensive and replacement is fast and simple in the event 
of failure. Because the relays plug into a socket, the wiring 
is connected to the socket, not the relay. Replacement is a 
matter of removing the defective relay and plugging in a 
new one. Both 8 and 11 pin tube or relay sockets are shown 
in Figure 5-17. Both 8 and 11 pin relays can be obtained 
with different coil voltages. Coil voltages of 12 VDC, 24 
VDC, 24 VAC, and 120 VAC are common. Their contact 
ratings generally range from 5 to 10 amperes depending on 
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CURRENT REACHES ITS MAXIMUM VALUE 





Figure 5—12 When the current reaches its maximum value, the 
magnetic field is no longer changing and the shading coil offers 
no resistance to the magnetic field of the pole piece. 


relay type and manufacturer. The connection diagram for 
8 and 11 pin relays is shown in Figure 5—18. The pin num- 
bers for 8 and 11 pin relays can be determined by holding 
the relay with the bottom facing you. Hold the relay so that 
the key is facing down. The pins are numbered as shown in 
Figure 5—18. The 11 pin relay contains three separate single 
pole double throw contacts. Pins | and 4, 6 and 5, and 11 
and 8 are normally closed contacts. Pins | and 3, 6 and 7, 
and 11 and 9 are normally open contacts. The coil is con- 
nected to pins 2 and 10. 

The 8 pin relay contains two separate single pole 
double throw contacts. Pins | and 4, and 8 and 5 are 
normally closed. Pins 1 and 3, and 8 and 6 are normally 
open. The coil is connected across pins 2 and 7. 


Solid-State Relays 


Another type of relay that is found in many applications 
is the solid-state relay. Solid-state relays employ the use 
of solid-state devices to connect the load to the line in- 
stead of mechanical contacts. Solid-state relays that are 
intended to connect alternating current loads to the line 
use a device called a triac. The triac is bidirectional de- 
vice, which means it permits current to flow through 
it in either direction. A couple of methods are used 





CURRENT BEGINS TO DECREASE 





Figure 5~13 As current decreases, the collapsing magnetic field 
again induces a voltage into the shading coil. The shading coil 
now aids the magnetic field of the pole piece and flux lines are 
concentrated in the shaded section of the pole piece. 





Figure 5-14 Laminated pole piece with shading coils. 


to control when the triac turns on or off. One method 
employs a small relay device that controls the gate of the 
triac (Figure 5-19). The relay can be controlled by a low 
voltage source. When energized, the relay contact closes 
and supplies power to the gate of the triac, which con- 
nects the load to the line. Another common method for 
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Figure 5-15 Control relays can be obtained in a variety of 
case styles. 





Figure 5-16 Relays designed to plug into 8 and 11 pin tube sockets. 
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controlling the operation of a solid-state relay is called 
optoisolation, or optical isolation. This method is used 
by many programmable logic controllers to communi- 
cate with the output device. Optoisolation is achieved 
by using the light from a light-emitting diode (LED) to 
energize a photo triac (Figure 5—20). The arrows point- 
ing away from the diode symbol indicate that it emits 
light when energized. The arrows pointing toward the 
triac symbol indicate that it must receive light to turn on. 
Optical isolation is very popular with electronic devices 
such as computers and programmable logic control- 
lers because there are no moving contacts to wear and 
the load side of the relay is electrically isolated from the 
control side. This isolation prevents any electrical noise 
generated on the load side from being transferred to the 
control side. 

Solid-state relays can also be obtained that control 
loads connected to direct current circuits (Figure 5—21). 





Figure 5-17 8 and 11 pin sockets. 





COIL 
11 PIN RELAY 


COIL 
8 PIN RELAY 


Figure 5-18 Connection diagrams for 8 and 11 pin relays. 
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120 VAC 
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Figure 5-19 Solid-state relay using a relay to control the action of a triac. 


120 VAC 


LOAD 
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Figure 5—20 Solid-state relay using optical isolation to control the action of a triac. 
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Figure 5-21 A solid-state relay that controls a DC load uses a transistor instead of a triac to connect the load to the line. 
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Reproduced by permission of Internationa! Rectifier 


Figure 5-22 An8 pin integrated circuit containing two low 
power solid-state relays. 


These relays use a transistor to connect the load to the 
line instead of a triac. 

Solid-state relays can be obtained in a variety of case 
styles and ratings. Some have voltage ratings that range 
from about 3 to 30 volts and can control only a small 
amount of current, while others can control hundreds of 
volts and several amperes. The 8 pin IC (integrated cir- 
cuit) shown in Figure 5—22 contains two solid-state relays 
that are intended for low power applications. The solid- 
state relay shown in Figure 5—23 is rated to control a load 
of 8 amperes connected to a 240 volt AC circuit. For this 
solid-state relay to be capable of controlling that amount 
of power, it must be mounted on a heat sink to increase 
its ability to dissipate heat. Although this relay is rated 
240 volts, it can control devices at a lower voltage also. 


Contactors 


Contactors are very similar to relays in that they are elec- 
tromechanical devices. Contactors can be obtained with 
coils designed for use on higher voltages than most re- 
lays. Most relay coils are intended to operate on voltages 
that range from 5 to 120 volts AC or DC. Contactors 
can be obtained with coils that have voltage ranges from 
24 volts to 600 volts. Although these higher voltage coils 
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Figure 5-23 Solid-state relay that can control 8 amperes at 
240 volts. 





ELECTRICAL SYMBOL 
FOR COIL 


Figure 5-24 Magnetic coil cut away to show insulated copper 
wire wound on a spool and protected by a molding. 


can be obtained, for safety reasons, most contactors op- 
erate on voltages that generally do not exceed 120 volts. 
Contactors can be made to operate on different control 
circuit voltages by changing the coil. Manufacturers 
make coils to interchange with specific types of contac- 
tors. Most contain many turns of wire and are mounted 
in some type of molded case that can be replaced by dis- 
sembling the contactor (Figure 5-24). 
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It should be noted that NEMA standards require 
the magnetic switch device to operate properly on volt- 
ages that range from 85 percent to 110 percent of the 
rated coil voltage. Voltages can vary from one part of 
the country to another, as well as the variation of volt- 
age that often occurs inside a plant. If coil voltage is ex- 
cessive, it draws too much current causing the insulation 
to overheat and eventually burn out. Excessive voltage 
also causes the armature to slam into the stationary 
pole pieces with a force that can cause rapid wear of the 
pole pieces and shorten the life to the contactor. An- 
other effect of too much voltage is the wear caused by 
the movable contacts slamming into the stationary con- 
tacts causing excessive contact bounce. Contact bounce 
can produce arcing that creates more heat and more 
wear on the contacts. 

Insufficient coil voltage can produce as much, if not 
more, damage than excessive voltage. If the coil voltage 
is too low, the coil will have less current flow causing the 
magnetic circuit to be weaker than normal. The armature 
may pick up, but not completely seal against, the station- 
ary pole pieces. This forms too much of an air gap and the 
coil current does not drop to its sealed value, causing exces- 
sive coil current, overheating, and coil burn out. A weak 
magnetic circuit can cause the movable contacts to touch 
the stationary contacts and provide a connection, but not 
have the necessary force to permit the contact springs to 
provide proper contact pressure. This lack of pressure can 
cause arcing and possible welding of the contacts. Without 
proper contact pressure, high currents produce excessive 
heat and greatly shorten the life of the contacts. 


Load Contacts 


The greatest difference between relays and contac- 
tors is that contactors are equipped with contacts in- 
tended to connect high current loads to the power line 
(Figure 5-25). These large contacts are called /oad con- 
tacts. Depending on size, load contacts can be rated to 
control several hundred amperes. Most will contain some 
type of arcing chamber to help extinguish the arc that 
is produced when heavy current loads are disconnected 
from the power line. Arcing chambers can be seen in 
Figure 5-25. 

Other contacts may contain arc chutes that lengthen 
the path of the arc to help extinguish it. When the con- 
tacts open, the established arc rises because of the heat 
the arc produces (Figure 5-26). The horn of the arc 
chute pulls the are farther and farther apart until it can 
no longer sustain itself. Another device that operates on 
a similar principle is the blowout coil. Blowout coils are 
connected in series with the load (Figure 5-27). When 
the contact opens, the arc is attracted to the magnetic 
field and rises at a rapid rate. This same basic action 
causes the armature of a direct current motor to turn. 
Because the arc is actually a flow or current, a magnetic 
field exists around the arc. The arc’s magnetic field is 





Figure 5-25 Contactors contain load contacts designed to 
connect high current loads to the power line. 





Figure 5-26 The arc rises between the arc chutes because of heat. 
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Figure 5-27 Magnetic blowout coils are connected in series 
with the load to establish a magnetic field. 
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attracted to the magnetic field produced by the blowout 
coil causing it to move upward. The arc is extinguished 
at a faster rate than is possible with an arc chute that 
depends on heat to draw the arc upward. Blowout coils 
are sometimes used on contactors that control large 
amounts of alternating current, but they are most often 
employed with contactors that control direct current 
loads. Alternating current turns off each half cycle 
when the waveform passes through zero, which helps 
to extinguish arcs in alternating current circuit. Direct 
current, however, does not turn off at periodic intervals. 
Once a DC arc is established, it is much more difficult 
to extinguish. Blowout coils are an effective means of 
extinguishing these arcs. A contactor with a blowout 
coil is shown in Figure 5—28. 

Most contactors contain auxiliary contacts as well 
as load contacts. The auxiliary contacts can be used 
in the control circuit if required. The circuit shown in 
Figure 5—29 uses a three pole contactor to connect a 
bank of three phase heaters to the power line. Note that 
a normally open auxiliary contact is used to control 
an amber pilot light that indicates that the heaters are 
turned on, and a normally closed contact controls a red 
pilot light that indicates that the heaters are turned off. 
A thermostat controls the action of HR contactor coil. 
In the normal de-energized state, the normally closed 
HR auxiliary contact provides power to the red pilot 
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Figure 5~28 Clapper type contactor with blowout coil. 
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light. When the thermostat contact closes, coil HR en- 
ergizes and all HR contacts change position. The three 
load contacts close and connect the heaters to the line. 
The normally closed HR auxiliary contact opens and 
turns off the red pilot light, and the normally open 
HR auxiliary contact closes and turns on the amber 
pilot light. A size 1 contactor with auxiliary contacts is 
shown in Figure 5—30. 


1 L2 L3 
RESISTIVE HEATERS 





CONTROL TRANSFORMER 





Figure 5—29 The contactor contains both load and auxiliary contacts. 





Figure 5-30 Size 1 contactor with auxiliary contacts. 
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Vacuum Contactors 


Vacuum contactors enclose their load contacts in a 
sealed vacuum chamber. A metal bellows connected to 
the movable contact permits it to move without break- 
ing the seal (Figure 5-31). Sealing contacts inside a 
vacuum chamber permits them to switch higher voltages 
with a relative narrow space between the contacts with- 
out establishing an arc. Vacuum contactors are generally 
employed for controlling devices connected to medium 
voltage. Medium voltage is generally considered to be in 
a range from | kV to 35 kV. 

An electric arc is established when the voltage is 
high enough to ionize the air molecules between sta- 
tionary and movable contacts. Medium voltage con- 
tactors are generally large because they must provide 
enough distance between the contacts to break the arc 
path. Some medium voltage contactors use arc sup- 
pressers, arc shields, and oil immersion to quench or 
prevent an arc. Vacuum contactors operate on the 
principle that if there is no air surrounding the con- 
tact, there is no ionization path for the establishment 
of an arc. Vacuum contactors are generally smaller in 
size than other types of medium voltage contactors. 
A three phase motor starter with vacuum contacts is 
shown in Figure 5—32. A reversing starter with vacuum 
contacts is shown in Figure 5—33. 
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Figure 5-31 Vacuum contacts are sealed inside a vacuum 
chamber. 








Figure 5-33 Reversing starter with vacuum contacts. 


ii/Mechanically Held Contactors 
and Relays 


Mechanically held contactors and relays are often referred 
to as latching contactors or relays. They employ two elec- 
tromagnets to operate. One coil is generally called the /atch 
coil and the other is called the wnlatch coil. The latch coil 
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causes the contacts to change position and mechanically 
hold in position after power is removed from the latch 
coil. To return the contacts to their normal de-energized 
position, the unlatch coil must be energized. Power to 
both coils is momentary. The coils of most mechanically 
held contactors and relays are intended for momentary 
use and continuous power often cause burnout. 

Unlike common magnetic contactors or relays, the 
contacts of latching relays and contacts do not return to 
a normal position if power is interrupted. They should 
be used only where there is danger of persons or equip- 
ment being harmed if power is suddenly restored after a 
power failure. 


Sequence of Operation 


Many latching type relays and contactors contain con- 
tacts that are used to prevent continuous power being 
supplied to the coil after it has been energized. These 
contacts are generally called coil clearing contacts. 


12 KV 
240/120 VOLTS 
L 
L 
CONTROL TRANSFORMER 








Figure 5-34 Latching type relays and contactors contain a latch 
and unlatch coil. 
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In Figure 5—34, coil L is the latching coil and coil U is 
the unlatch coil. When the ON push button is pressed, 
current can flow to coil L, through normally closed 
contact L to neutral. When the relay changes to the 
latch position, the normally closed L contact connected 
in series with L coil opens and disconnects power to L 
coil. This disconnection prevents further power from 
being supplied to coil L. At the same time, the open U 
contact connected in series with coil U closes to per- 
mit operation of coil U when the OFF push button is 
pressed. When coil L energized, it also closed the L load 
contacts, energizing a bank of lamps. The lamps can be 
turned off by pressing the OFF push button and ener- 
gizing coil U. This process causes the relay to return to 
the normal position. Notice that the coil clearing con- 
tacts prevent power from being supplied continuously 
to the coils of the mechanically held relay. 

An 11 pin latching relay is shown in Figure 5—35. 
The connection diagram for this relay is shown in 
Figure 5—36. 





Figure 5-35 An 11 pin latching relay. 
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LATCH COIL 


Figure 5-36 Connection diagram for an 11 pin latching relay. 


ijiiiMercury Relays 


Mercury relays employ the use of mercury-wetted con- 
tacts instead of mechanical contacts. Mercury relays 
contain one stationary contact called the electrode. The 
electrode is located inside the electrode chamber. When 
the coil is energized, a magnetic sleeve is pulled down in- 
side a pool of liquid mercury, causing the mercury to rise 
in the chamber and make connection with the station- 
ary electrode (Figure 5-37). The advantage of mercury 
relays is that each time the relay is used the contact is re- 
newed, eliminating burning and pitting caused by an arc 
when connection is made or broken. The disadvantage 
of mercury relays is that they contain mercury. Mercury 
is a toxic substance that has been shown to cause damage 
to the nervous system and kidneys. Mercury is banned in 
some European countries. 

Mercury relays must be mounted vertically instead 
of horizontally. They are available in single-pole, 
double-pole, and three-pole configurations. A single- 
pole mercury relay is shown in Figure 5—38. 


Mii/Motor Starters 


Motor starters are contactors with the addition of 
an overload relay (Figure 5—39). Because they are in- 
tended to control the operation of motors, motor start- 
ers are rated in horsepower. Magnetic motor starters 
are available in different sizes. The size starter re- 
quired is determined by the horsepower and voltage 
of the motor it is intended to control. Two standards 
are used to determine the size starter needed NEMA 
and IEC. Figure 5—40 shows the NEMA-size start- 
ers needed for normal starting duty. The capacity of 
the starter is determined by the size of its load or 
power contacts and the wire cross-sectional area 
that can be connected to the starter. The size of the 
load contacts is reduced when the voltage is doubled 
because the current is halved for the same power rating 
(P=EX I). 

The number of poles refers to the load contacts 
and does not include the number of control or auxil- 
lary contacts. Three pole starters are used to control 
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Figure 5-37 Diagram of a mercury relay. 


three phase motors, and two pole starters are used for 
single phase motors. 


NEMA and IEC 


The IEC establishes standards and ratings for different 
types of equipment just as NEMA does. The IEC, how- 
ever, is more widely used throughout Europe than in the 
United States. Many equipment manufacturers are now 
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POWER TERMINAL 


GLASS SEAL 
ELECTRODE 


EPOXY 


CERAMIC INSULATOR 


POWER TERMINAL 





beginning to specify IEC standards for their products 
produced in the United States. The main reason is that 
much of the equipment produced in the United States 
is also marketed in Europe. Many European companies 
will not purchase equipment that is not designed with 
IEC standard equipment. 

Although the IEC uses some of the same rat- 
ings as similar NEMA-rated equipment, there is 
often a vast difference in the physical characteristics 
of the two. Two sets of load contacts are shown in 
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Figure 5—38 Single-pole mercury relay. 





Courtesy Schneider Electric USA, Inc. 


Figure 5-39 A motor starter is a contactor combined with an 


overload relay. Reproduced by permission of International Rectifier. 


Figure 5—41. The load contacts on the left are em- 
ployed in a NEMA-rated 00 motor starter. The load 
contacts on the right are used in an IEC-rated 00 
motor starter. Notice that the surface area of the 
NEMA-rated contacts is much larger than the IEC- 
rated contacts. This difference permits the NEMA- 
rated starter to control a much higher current than 
the IEC starter. In fact, the IEC-rated 00 starter 
contacts are smaller than the contacts of a small 8 
pin control relay (Figure 5—42). Due to the size dif- 
ference in contacts between NEMA- and IEC-rated 
starters, many engineers and designers of control sys- 
tems specify a one to two larger size for IEC-rated 
equipment than would be necessary for NEMA-rated 
equipment. A table showing the ratings for IEC start- 
ers is shown in Figure 5-43. 

Although motor starters are basically a contactor 
and overload relay mounted together, most contain 
auxiliary contacts. Many manufacturers make auxil- 
lary contacts that can be added to a starter or con- 
tactor (Figure 5-44). Adding auxiliary contacts can 
often reduce the need for control relays that perform 
part of the circuit logic. In the circuit shown in Fig- 
ure 5-45, motor #1 must be started before motors #2 
or #3, This is accomplished by placing normally open 
contacts in series with starter coils M2 and M3. In the 
circuit shown in Figure 5—45(A), the coil of a con- 
trol relay has been connected in parallel with motor 
starter coil M1. In this way, control relay CR will op- 
erate in conjunction with motor starter coil M1. The 
two normally open CR contacts prevent motors 2 and 
3 from starting until motor | is running. In the circuit 
shown in Figure 5—45(B), it is assumed that two aux- 
iliary contacts have been added to motor starter M1. 
The two new auxiliary contacts can replace the two 
normally open CR contacts, eliminating the need for 
control relay CR. 


CAUTION: By necessity, motor control 
centers have very low impedance and can 
produce extremely large fault currents. It is 
estimated that the typical MCC can deliver 
enough energy in an arc-fault condition to kill 

a person 30 feet away. For this reason, many 
industries now require electricians to wear full 
protection (flame-retardant clothing, face shield, 
ear plugs, and hard hat) when opening the door 
on a combination starter or energizing the unit. 
When energizing the starter, always stand to the 
side of the unit and not directly in front of it. Ina 
direct short condition, it is possible for the door 
to be blown off or open. 
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Maximum Horsepower Maximum Horsepower 

Rating —Nonplugging Rating —Nonplugging 

and Nonjogging Duty and Nonjogging Duty 
NEMA Load Single Poly NEMA Load Single Poly 

Size Volts Phase Phase Size Volts Phase Phase 
115 ve ate 115 7% tals 
200 Lom 1% 200 ecn5 25 
230 1 1% 230 15 30 
00 380 aie 1% 3 380 pee 50 
460 ache 2 460 ar 50 
575 ack 2 575 eat 50 
Ao 1 eae 200 avs 40 
200 er 3 230 ane 50 
230 2 3 380 hoe 5 
0 380 5 4 460 ee 100 
460 3 575 ar 100 
575 5 
115 2 si 200 se 75 
200 x 7% 230 pe 100 
230 3 7% 380 Ante 150 
1 380 “ty 10 5 460 aa 200 
460 eae 10 575 oe 200 
S75 ae 10 

200 ah ss 150 
115 3 Ne 2 230 Bas 200 
‘TP 230 5 eat 6 380 tats 300 
460 ee 400 
575 ate 400 
115 3 ye 230 sik 300 
200 Di 10 7 460 ae: 600 
230 7% 12 575 Oar 600 
2 380 Sat 25 230 Sine 450 
460 tafe 25 8 460 ches 900 
575 tops 25 575 aaa 900 


Tables are taken from NEMA Standards. 
“134, 10 hp is available. 


Figure 5~40 Motor starter sizes and ratings. 
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Figure 5—41 The load contacts on the left are NEMA size 00. The load contacts on the right are IEC size 00. 


Figure 5-42 The load contacts of an IEC 00 starter shown on the left are smaller than the auxiliary contacts of an 
8 pin control relay shown on the right. 
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IEC MOTOR STARTERS (60 HZ) 
oe MAX | MOTOR | MAX. HORSEPOWER _| = MAX | MOTOR | MAX. HORSEPOWER _| 
SINGLE | THREE SINGLE | THREE 
AMPS. | VOLTAGE ee AMPS | VOLTAGE | SINGLE / THREE 


ie 
11/2 
11/2 
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71/2 
71/2 


Figure 5~43 IEC motor starters rated by size, horsepower, and voltage for 60 Hz circuits. 
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Motor Control Centers 


Motor starters are often grouped with other devices, 
such as circuit breakers, fuses, disconnects, and control 
transformers, and referred to as a combination starter. 
These components are often contained inside one enclo- 
sure (Figure 5-46). 

Motor control centers employ the use of combi- 
nation starters that are mounted in special enclosures 
designed to plug into central buss bars that supply power 
for several motors. The enclosure for this type of combi- 
nation starter is often referred to as a module, cubical, or 
can (Figure 5-47). They are designed to be inserted into 
a motor control center (MCC) (Figure 5—48). Connec- 
tion to individual modules is generally made with termi- 
nal strips located inside the module. Most manufacturers 
provide some means of removing the entire terminal 
strip without having to remove each individual wire. If 
a starter should fail, this permits rapid installation of a 
new starter. The defective starter can then be serviced at 
a later time. 


Current Requirements 


When the coil of an alternating current relay or con- 
tactor is energized, it will require more current to pull 
the armature in than to hold it in. The reason is the 
change of inductive reactance caused by the air gap 
(Figure 5-49). When the relay is turned off, a large 
air gap exists between the metal of the stationary pole 





Figure 5-44 Motor starter with additional auxiliary contacts. piece and the armature. This air gap causes a poor 
CAN v_AAW 
—— CONTROL TRANSFORMER —— CONTROL TRANSFORMER 
pitts OL1 OL1 





M1 M1 
CR_ OL2 M1 OL2 
“fi ve (v2) 
A nn 
CR me OL3 Mi Me OL3 
aii ae ve a 
ai ons (3) 1 S42 (M3) 
M3 M3 
(A) (8) 


Figure 5-45 Control relays can sometimes be eliminated by adding auxiliary contacts to a motor starter. 
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Figure 5-46 A combination starter with fused disconnect, control 


transformer, push buttons, and motor starter. 





Figure 5-47 Combination starter with fused disconnect intended 


for use in a motor control center (MCC). Note that only two fuses 
are used in this module. Delta connected power systems with one 
phase grounded do not require a fuse in the grounded conductor. 


magnetic circuit and the inductive reactance X, has a 
low ohmic value. Although the wire used to make the 
coil does have some resistance, the main current limit- 
ing factor of an inductor is inductive reactance. After 


Courtesy Schneider Electric USA, Inc. 
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Courtesy of Eaton Corporation 


Figure 548 Motor control center. 


the coil is energized and the armature makes contact 
with the stationary pole piece, there is a very small air 
gap between the armature and pole piece. This small 
air gap permits a better magnetic circuit, which in- 
creases the inductive reactance causing the current to 
decrease. If dirt or some other foreign matter should 
prevent the armature from making a seal with the sta- 
tionary pole piece, the coil current will remain higher 
than normal, which can cause overheating and even- 
tual coil burn out. 

Direct current relays and contactors depend on 
the resistance of the wire used to construct the coil 
to limit current flow. For this reason, the coils of 
DC relays and contactors exhibit a higher resistance 
than coils of AC relays. Large direct current contac- 
tors are often equipped with two coils instead of one 
(Figure 5-50). When the contactor is energized, both 
coils are connected in parallel to produce a strong 
magnetic field in the pole piece. A strong field is re- 
quired to provide the attraction needed to attract the 
armature. Once the armature has been attracted, a 
much weaker magnetic field can hold the armature in 
place. When the armature closes, a switch disconnects 
one of the coils reducing the current to the contactor. 
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Figure 5—49 The air gap determines the inductive reactance of the solenoid. 


6. What pin numbers are connected to the coil of an 
8 pin control relay? 


—- 


t 7. An 11 pin control relay contains three sets of 

- -p+—— COIL single pole double throw contacts. List the pin 
+ numbers by pairs that can be used as normally 

open contacts. 






Th 


SWITCH OPENED 
BY ARMATURE 


. What is the purpose of the shading coil? 


9. Refer to the circuit shown in Figure 5-29. Is the 
thermostat contact normally open, normally 
closed, normally closed held open, or normally 
open held closed? 


10. What is the difference between a motor starter 
and a contactor? 


‘ 
y 
y 
= 
y 
y 
y 
<— POLE 
PIECE 8 
i= 
‘= 
y 
‘= 
y 
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11. A 150-horsepower motor is to be installed on a 


Figure 5-50 Direct current contactors often contain two coils. 480-volt three phase line. What is the minimum 
size NEMA starter that should be used for this 
installation? 

Ui//Review Questions 12. What is the minimum size IEC starter rated for 


‘i 
1. Explain the difference between clapper type RETOLD PREITY IN 


contacts and bridge type contacts. 13. When energizing or de-energizing a combination 
starter what safety precaution should always be 


2. What is the advantage of bridge type contacts taken? 


over clapper type contacts? 


. as 14. What is the purpose of coil clearing contacts? 
3. Explain the difference between auxiliary contacts yar g 


and load contacts. 15. Refer to the circuit shown in Figure 5-29. In this 

circuit, the HR contactor is equipped with five 

contacts. Three are load contacts and two are 

auxiliary contacts. From looking at the schematic 

diagram, how is it possible to identify which 

5. What is optoisolation and what is its main contacts are the load contacts and which are the 
advantage? auxiliary contacts? 


4. What type of electronic device is used to connect 
the load to the line in a solid-state relay used to 
control an alternating current load? 
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Chapter 6 





Most industrial motors operate on voltages that range from 240 to 480 volts. 
Magnetic control systems, however, generally operate on 120 volts. A control 
transformer is used to step the 240 or 480 volts down to 120 volts to operate the 
control system. There is really nothing special about a control transformer except 
that most of them are made with two primary windings and one secondary wind- 
ing. Each primary winding is rated at 240 volts and the secondary winding is rated 
at 120 volts. This means there is a turns ratio of 2:1 (2 to 1) between each pri- 
mary winding and the secondary winding. For example, assume that each primary 
winding contains 200 turns of wire and the secondary winding contains 100 turns. 
There are two turns of wire in each primary winding for every one turn of wire in 
the secondary. 

One of the primary windings of the control transformer is labeled H1 and H2. 
The other primary winding is labeled H3 and H4. The secondary winding is labeled 
X1 and X2. If the transformer is to be used to step 240 volts down to 120 volts, the 
two primary windings are connected parallel to each other as shown in Figure 6-1. 
Notice that in Figure 6-1 the H1 and H3 leads are connected together, and the H2 
and H4 leads are connected together. Because the voltage applied to each primary 
winding is same, the effect is the same as having only one primary winding with 200 
turns of wire in it. This means that when the transformer is connected in this man- 
ner, the turns ratio is 2:1. When 240 volts are connected to the primary winding, the 
secondary voltage is 120 volts. 

If the transformer is to be used to step 480 volts down to 120 volts, the primary 
windings are connected in series, as shown in Figure 6-2. With the windings con- 
nected in series, the primary winding now has a total of 400 turns of wire, which 
makes a turns ratio of 4:1. When 480 volts are connected to the primary winding, the 
secondary winding has an output of 120 volts. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Discuss the use of control 
transformers in a control 
circuit. 


>> Connect a control trans- 
former for operation ona 
240- or 480-volt system. 


) 
H1 x1 
240 VOLTS AC | | 120 VOLTS AC 
H2 X2 
) 


Figure 6—1 Primaries connected in parallel for 240-volt operation. 
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Control transformers generally have screw termi- 
nals connected to the primary and secondary leads. 
The H2 and H3 leads are crossed to make connection 
of the primary winding easier, Figure 6-3. For exam- 
ple, if the transformer is to be connected for 240-volt 
operation, the two primary windings must be con- 
nected parallel to each other as shown in Figure 6—1. 
This connection can be made on the transformer by 
using one metal link to connect leads H1 and H3, and 
another metal link to connect H2 and H4 (Figure 6-4). 

If the transformer is to be used for 480-volt opera- 
tion, the primary windings must be connected in series 
as shown in Figure 6—2. This connection can be made on 






480 VOLTS AC 


the control transformer by using a metal link to connect 
H2 and H3 as shown in Figure 6—5. A typical control 
transformer is shown in Figure 6-6. 


Multi-Tapped Control Transformers 


Some control transformers provide connection to differ- 
ent voltages by providing different taps on the high volt- 
age winding, Figure 6—7. 

The transformer in this example can be connected 
to 208, 277, or 380 volts. The secondary or low voltage 
winding provides an output of 120 volts. The connection 
diagram for this transformer is shown in Figure 6-8. 


Figure 6-2 Primary windings connected in series for 480-volt operation. 


H4 H2 H3 H1 


x1 X2 


Figure 6-3 Primary leads are crossed. 


x1 
120 VOLTS AC 
X2 
H4 H2 H3 H1 
x1 X2 


Figure 6—4 Metal links used to make a 240-volt connection. 
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x1 X2 


Figure 6-5 Metal link used to make a 480-volt connection. 





Figure 6-6 Control transformer. 


If the transformer is connected to 208 volts, primary 
taps H1 and H2 would be used. Taps H3 and H4 are left 
disconnected. If the transformer is to be connected to 
277 volts, taps HI and H3 would be used. Taps H2 and 
H4 would be left disconnected. Taps H1 and H4 can be 
connected to 380 volts, which is a common voltage used 
in Europe. 


Chapter 6 The Control Transformer @ 93 


H1 H2 


1 PH TRANSFORMER 
MADE I CANADA 


HP CAT.NO 
ee PT250MGJ "a, 2" 
250 VA 60/60 Hz 55 °C RISE =\s 3 


@>Go suk 


< , 

UsTeo 252. HY 

€503994 ¢rreerr) 

LR38216 | 120M 

mous TIAL CON THO: InansronmEn j i 
‘ 


3 
; 


yn ® XF x1 


osasx X 





Figure 6-7 A multi-tapped control transformer. 
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Figure 6-8 Diagram of a multi-tapped control transformer. 
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Mi//Grounded and Floating 
Control Systems 


One side of the secondary winding of a control trans- 
former is often grounded (Figure 6-9). When this is done, 
the control system is referred to as a grounded system. 
Many industries prefer to ground the control system 
and it is a very common practice. Some technicians be- 
lieve that it is an aid when troubleshooting a problem. 
Grounding one side of the control transformer permits 
one lead of a voltmeter to be connected to any grounded 
point and the other voltmeter lead is used to test voltage 
at various locations throughout the circuit (Figure 6-10). 

It is also a common practice to not ground one side 
of the control transformer. This is generally referred to 
as a floating system. If one voltmeter probe was con- 
nected to a grounded point, the meter reading would be 
erroneous or meaningless because there is not a com- 
plete circuit (Figure 6-11). High impedance voltmeters 
would probably indicate some amount of voltage caused 
by the capacitance of the ground and induced voltage 
produced by surrounding magnetic fields. These are 
generally referred to as ghost voltages. A low impedance 
meter such as a plunger type voltage tester would indi- 
cate no voltage. Accurate voltage measurement can be 
made in a float control system, however, by connecting 
one voltmeter probe directly to one side of the control 


transformer (Figure 6-12). Because both grounded and 
floating control systems are common, both will be illus- 
trated throughout this textbook. 


ii/Transformer Fusing 


Control transformers are generally protected by fuses 
or circuit breakers. Protection can be placed on the pri- 
mary or secondary side of the transformer, and some 
industries prefer protection in both sides. NEC® Section 
43().72(C) lists requirements for the protection of trans- 
formers employed in motor control circuits. This section 
basically states that control transformers that have a pri- 
mary current of less than 2 amperes shall be protected by 
an overcurrent device set at not more than 500 percent 
of the rated primary current. This large percentage is 
necessary because of the high in-rush current associated 
with transformers. To determine the rated current of the 
transformer, divide the volt-ampere rating of the trans- 
former by the primary voltage. 

The secondary fuse size can be set at a lower percent- 
age of the rated current because the secondary does not 
experience the high in-rush current of the primary. Be- 
cause primary and secondary fuse protection is common 
throughout industry, control circuits presented in this 
textbook illustrate both. 
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Figure 6—9 One side of the transformer has been grounded. 
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Figure 6-10 Voltage can be measured by connecting one meter probe to any grounded point. 
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Figure 6-11 Floating control systems do not ground one side of the transformer. Connecting a voltmeter probe 
to a grounded point would provide meaningless values of voltage because a complete circuit does not exist. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whele er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidaéor cChapterfs). 
Editorial review has decmed that any suppressed aonttent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 





96 @ Section 1 Basic Control Circuits and Components 


1 L2 L3 
M OL 
M OL 
MOTOR 
M OL 


—— CONTROL TRANSFORMER 





Copytight 2017 Cengage Learning. All Rights Reserved. May nat be copied scanned, or duplivated, in whole or in part Duc te cloctroniy rights, some third party content may be suppressed from the cBook andéar eChapteifs}. 
Editerial review has deemed that any suppressed content decs net matcrially affect theo verall learningexpericnee. Cengage Learning eserves the rightte rameve additional content at any time ifsubsaquent rights restrictions require it, 


Chapter 6 The Control Transformer @ 97 


Uii/Review Questions 4. How are the primary windings connected when 


the transformer is to be operated on a 480-volt 


1. What is the operating voltage of most magnetic system? 
control systems? 5. Why are two of the primary leads crossed on a 
2. How many primary windings do control trans- control transformer? 


formers have? 


3. How are the primary windings connected when 
the transformer is to be operated on a 240-volt 
system? 
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Chapter 7 





ri % 


The START-STOP push button circuit is the basis for many other control circuits. 
In this chapter you will learn the difference between schematic or ladder diagrams 
and wiring diagrams, and how to convert a ladder diagram into a wiring diagram. 
The laboratory exercise section provides instructions in step-by-step order for con- 
necting a START-STOP push button circuit. 


Schematics and Wiring Diagrams 


Schematic or ladder diagrams show electrical components in their electrical sequence 
without regard for physical location. Several basic rules apply to how schematics are 
drawn: 


1. Schematic or ladder diagrams are read like a book, from left to right and from top 
to bottom. 


2. Electrical components are always shown in their de-energized or off state. 


3. Any contact that is marked with the same letter or number as a coil is controlled by 
that coil regardless of where it is located in the schematic. 
4, Dashed lines between components indicate that the components are mechanically 
connected together. 
Wiring diagrams show a pictorial illustration of electrical components with con- 
necting wires. Beginning electricians often prefer wiring diagrams when connecting a 
circuit because they show precise placement of the wires, but with time electricians 


discover that it is much easier to troubleshoot circuits and make connections using a 
schematic diagram. 


Circuit Operation 


The schematic of a START-STOP push button circuit is shown in Figure 7-1. The 
operation of the circuit is as follows: 


* When the START push button is pressed, current can flow to the coil of M 
motor starter. 


* When M motor starter energizes, all M contacts change position (Figure 7—2). 
¢ The three M load contacts close and connect the motor to the power line. 


* The M auxiliary contact connected in parallel with the START button closes. 
This contact is generally referred to as a holding contact, sealing contact, 
or maintaining contact, because its function is to maintain or hold a current 





Objectives 


After studying this chapter 
the student will be able to: 
>> Explain the operation of 


a START-STOP push button 
control. 


>> Place wire numbers ona 
schematic diagram. 


>> Place corresponding num- 
bers on control components. 


>> Draw a wiring diagram from 
a schematic diagram. 


>> Define the difference 
between a schematic or ladder 
diagram and a wiring diagram. 


>> Connect a START-STOP 
push button control circuit. 
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Figure 7—1 Schematic diagram of a basic START—STOP push button control circuit. 


path to the coil when the push button is released 
(Figure 7-3). 


* When the STOP button is pressed, current flow to 
the coil is interrupted and all M contacts return to 
their original position, (Figure 7-4). 


¢ If an overload should occur, the normally closed 
overload contact will open. This opening has the 
same effect as pressing the STOP button. 


Converting a Schematic Diagram 
into a Wiring Diagram 


The pictorial representation of the components is shown 
in Figure 7-5. 

To simplify the task of converting the schematic dia- 
gram into a wiring diagram, wire numbers are added to 
the schematic diagram. These numbers are then trans- 
ferred to the control components shown in Figure 7—S. 
The rules for numbering a schematic diagram are as 
follows: 


1. A set of numbers can be used only once. 


2. Each time you go through a component the number 
set must change. 


3. All components that are connected together have the 
same number. 


To begin the numbering procedure, begin at Line | (L1) 
with the number | and place a number | beside each 
component that is connected to L1 (Figure 7-6). The 
number 2 is placed beside each component connected 
to L2 (Figure 7-7), and a 3 is placed beside each com- 
ponent connected to L3 (Figure 7-8 on page 106). The 
number 4 will be placed on the other side of the M load 
contact that already has a number | on one side and on 
one side of the overload heater (Figure 7—9 on page 107). 
Number 5 is placed on the other side of the M load con- 
tact, which has one side number with a 2 and a 5 will be 
placed beside the second overload heater. The other side 
of the M load contact that has been numbered with a 3 
will be numbered with a 6, and one side of the third over- 
load heater will be labeled with a 6. Numbers 7, 8, and 9 
are placed between the other side of the overload heaters 
and the motor T leads. 

The number 10 will begin at one side of the control 
transformer secondary and go to one side of the normally 
closed STOP push button. The number 11 is placed on 
the other side of the STOP button and on one side of the 
normally open START push button and normally open 
M auxiliary contact. A number 12 is placed on the other 
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Figure 7—2 When the START button is pressed, current flows through M coil. 
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Figure 7—3 The auxiliary contact maintains the current path to the coil after the START button is released. 
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Figure 7-4 Pressing the STOP button de-energizes the coil and all M contacts return to their normal position. 
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Figure 7-5 Components of the basic START—STOP control circuit. 
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Figure 7-6 The number 1 is placed beside each component connected to Line 1. 
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Figure 7-7 A number 2 is placed beside each component connected to Line 2. 
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Figure 7-8 A number 3 is placed beside each component connected to Line 3. 


side of the START button and M auxiliary contact and 
on one side of M coil. Number 13 is placed on the other 
side of the coil to one side of the normally closed overload 
contact. Number 14 is placed on the other side of the nor- 
mally closed overload contact and on the other side of the 
control transformer secondary winding (Figure 7—10). 


Numbering the Components 


Now that the components on the schematic have been 
numbered, the next step is to place the same numbers on 
the corresponding components of the wiring diagram. 
The schematic diagram in Figure 7-10 shows that the 
number | has been placed beside L1, the fuse on the con- 
trol transformer, and one side of a load contact on M 
starter (Figure 7-11). The number 2 is placed beside L2 
and the second load contact on M starter (Figure 7-12). 
The number 3 is placed beside L3, the third load contact 
on M starter, and the other side of the primary winding 
on the control transformer. Numbers 4, 5, 6, 7, 8, and 
9 are placed beside the components that correspond to 
those on the schematic diagram (Figure 7-13). Note on 
connection points 4, 5, and 6 from the output of the load 
contacts to the overload heaters, that these connections 
are factory made on a motor starter and do not have to 


be made in the field. These connections are not shown in 
the diagram for the sake of simplicity. If a separate con- 
tactor and overload relay are being used, however, these 
connections will have to be made. Recall that a contactor 
is a relay that contains /oad contacts and may or may not 
contain auxiliary contacts. A motor starter is a contactor 
and overload relay combined. 

The number 10 starts at the secondary winding 
of the control transformer and goes to one side of the 
normally closed STOP push button. When making this 
connection, ensure that the connection is made to the 
normally closed side of the push button. Because this is 
a double-acting push button, it contains both normally 
closed and normally open contacts (Figure 7-14). 

The number 11 starts at the other side of the nor- 
mally closed STOP button and goes to one side of the 
normally open START push button and to one side of a 
normally open M auxiliary contact (Figure 7-15). The 
starter in this example shows three auxiliary contacts— 
two normally open and one normally closed. It makes 
no difference which normally open contact is used. 

This same procedure is followed until all circuit com- 
ponents have been numbered with the number that corre- 
sponds to the same component on the schematic diagram 
(Figure 7-16 on page 111). 
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Figure 7-9 The number changes each time you proceed across a component. 
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Figure 7-10 Numbers are placed beside all components. 
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Figure 7-11 Anumber 1 is placed beside Line 1, the control transformer fuse, and M load contact. 
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Figure 7-12 The number 2 is placed beside Line 2 and the second load contact on M starter. 
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Figure 7-13 Numbers 3, 4, 5, 6, 7, 8, and 9 are placed beside the proper components. 
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Figure 7-14 Wire number 10 connects from the transformer secondary to the STOP button. 
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Figure 7-15 Number 11 connects to the STOP button, START button, and holding contact. 


Connecting the Wires 2 are connected together (Figure 7-18). All components 
numbered with a 3 are connected together (Figure 7-19). 
This procedure is followed until all the numbered com- 
ponents are connected together, with the exception of 
4, 5, and 6 that are assumed to be factory connected 
(Figure 7-20 on page 113). 


Now that numbers have been placed beside the compo- 
nents, wiring the circuit becomes a matter of connecting 
numbers. Connect all components labeled with a number 
1 together (Figure 7-17). All components number with a 
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Figure 7-16 All components have been numbered. 
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Figure 7—17 All the components with a number 1 are connected together. 
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Figure 7—18 All components with a number 2 are connected together. 
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Figure 7-19 All the components with a number 3 are connected together. 
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Figure 7-20 Completing the wiring diagram. 


PiiiiReview Questions 


1. Refer to the circuit shown in Figure 7-10. If wire 
number 11 were disconnected at the normally 
open auxiliary M contact, how would the circuit 
operate? 


2. Assume that when the START button is pressed 
M starter does not energize. List seven possible 
causes for this problem. 


THESE CONNECTIONS 
ARE GENERALLY 
FACTORY MADE 
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. Explain the difference between a motor starter 


and a contactor. 


. Refer to the schematic in Figure 7-10. Assume 


that when the START button is pressed, the 
control transformer fuse blows. What is the most 
like cause of this trouble? 


. Explain the difference between load and auxiliary 


contacts. 


. Ina schematic diagram, are the components 


shown as they should be when the circuit is 
energized or de-energized? 


7. Ina schematic diagram, what does a dashed line 


drawn between two components indicate? 
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There may be times when it is desirable to have more than one START-STOP push 
button station to control a motor. In this chapter, the basic START-STOP push but- 
ton control circuit discussed in Chapter 7 will be modified to include a second STOP 
and START push button. 

When a component is used to perform the function of stop in a control circuit, 
it will generally be a normally closed component and be connected in series with 
the motor starter coil. In this example, a second STOP push button is to be added 
to an existing START—STOP control circuit. The second push button will be added 
to the control circuit by connecting it in series with the existing STOP push button 
(Figure 8-1). 

When a component is used to perform the function of start it is generally nor- 
mally open and connected in parallel with the existing START button (Figure 8-2). 
If either START button is pressed, a circuit will be completed to M coil. When M 
coil energizes all M contacts change position. The three load contacts connected 
between the three phase power line and the motor close to connect the motor to 
the line. The normally open auxiliary contact connected in parallel with the two 
START buttons close to maintain the circuit to M coil when the START button is 
released. 


Developing a Wiring Diagram 


Now that the circuit logic has been developed in the form of a schematic diagram, a 
wiring diagram will be drawn from the schematic. The components needed to con- 
nect this circuit are shown in Figure 8—3. Following the same procedure discussed in 
Chapter 7, wire numbers will be placed on the schematic diagram (Figure 8—4). After 
wire numbers are placed on the schematic, corresponding numbers will be placed on 
the control components (Figure 8-5). 





Objectives 


After studying this chapter 
the student will be able to: 


>> Place wire numbers ona 
schematic diagram. 


>> Place corresponding numbers 
on control components. 


>> Draw a wiring diagram from 
a schematic diagram. 
>> Connect a control circuit 


using two STOP and two START 
push buttons. 


>> Discuss how components 
are to be connected to perform 
the functions of START or STOP 
for a control circuit. 
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Figure 8-1 Adding a STOP button to the circuit. 
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Figure 8-2 A second START button is added to the circuit. 
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Figure 8-3 Components needed to produce a wiring diagram. 
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Figure 8-4 Numbering the schematic diagram. 
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Figure 8—5 Numbering the components. 
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. 7 4, What would be the action of the circuit if both 
Iiii/Review Questions START buttons were to be connected in series 
1. When a component is to be used for the function as shown in Figure 8-7? 


of start, is the component generally normally open 


arte ieiodeseta 5. Following the procedure discussed in Chapter 7, 
y ( 


place wire numbers on the schematic in Figure 
2. When a component is to be used for the function 8-7, Place corresponding wire numbers on the 
of stop, is the component generally normally open components shown in Figure 8-8. 
or normally closed? 


3. The two STOP push buttons in Figure 8-2 are 
connected in series with each other. What would 
be the action of the circuit if they were to be con- 
nected in parallel as shown in Figure 8-6? 
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Figure 8-6 The STOP buttons have been connected in parallel. 
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Figure 8-7 The START buttons are connected in series. 
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Figure 8-8 Add wire numbers to these components. 
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The direction of rotation of any three phase motor can be reversed by changing any 
two motor T leads (Figure 9-1). Because the motor is connected to the power line 
regardless of which direction it operates, a separate contactor is needed for each di- 
rection. If the reversing starters adhere to NEMA standards, T leads 1 and 3 will be 
changed (Figure 9-2). Because only one motor is in operation, however, only one 
overload relay is needed to protect the motor. True reversing controllers contain two 
separate contactors and one overload relay built into one unit. A vertical reversing 
starter with overload relay is shown in Figure 9-3, and a horizontal reversing starter 
without overload relay is shown in Figure 9-4. 


Interlocking 


Interlocking prevents some action from taking place until some other action has been 
performed. In the case of reversing starters, interlocking is used to prevent both con- 
tactors from being energized at the same time. Having both contactors energized 
would result in two of the three phase lines being shorted together. Interlocking forces 
one contactor to be de-energized before the other one can be energized. Three methods 
can be employed to assure interlocking. Many reversing controls use all three. 


u1 qe 
1 DIRECTION OF 
2 sed ROTATION 
“4 Te 
[2 T1 DIRECTION OF 
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Figure 9-1 The direction of rotation of any three phase motor can be changed by reversing 
connection to any two motor T leads. 


Objectives 
After studying this chapter 
the student will be able to: 


>> Discuss cautions that must 
be observed in reversing 
circuits. 


>> Explain how to reverse a 
three phase motor. 


>> Discuss interlocking 
methods. 


>> Connect a forward-reverse 
motor control circuit. 
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OL 





Figure 9-2 Magnetic reversing starters generally change T leads 1 and 3 to reverse the motor. 





Figure $4 Horizontal reversing starter without overload relay. 


Mechanical Interlocking 


Most reversing controllers contain mechanical interlocks 
as well as electrical interlocks. Mechanical interlocking 
is accomplished by using the contactors to operate a 
mechanical lever that prevents the other contactor from 
closing while one is energized. Mechanical interlocks are 
supplied by the manufacturer and are built into reversing 
starters. In a schematic diagram, mechanical interlocks 
are shown as dashed lines from each coil joining at a 
Figure 9-3 Vertical reversing starter with overload relay. solid line (Figure 9-5). 
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Figure 9-5 Mechanical interlocks are indicated by dashed lines extending from each coil. 


Electrical Interlocking 


Two methods of electrical interlocking are available. One 
method is accomplished with the use of double-acting 
push buttons (Figure 9-6). The dashed lines drawn be- 
tween the push buttons indicate that they are mechani- 
cally connected. Both push buttons will be pushed at 
the same time. The normally closed part of the forward 
push button is connected in series with R coil, and the 
normally closed part of the reverse push button is con- 
nected in series with F coil. If the motor is running in the 
forward direction and the reverse push button is pressed, 
the normally closed part of the push button opens and 
disconnects F coil from the line before the normally 
open part closes to energize R coil. The normally closed 
section of either push button has the same effect on the 
circuit as pressing the STOP button. 

The second method of electrical interlocking is ac- 
complished by connecting the normally closed auxiliary 
contacts on one contactor in series with the coil of the 
other contactor (Figure 9-7). Assume that the forward 


push button is pressed and F coil energizes. This causes 
all F contacts to change position. The three F load con- 
tacts close and connect the motor to the line. The nor- 
mally open F auxiliary contact closes to maintain the 
circuit when the forward push button is released, and the 
normally closed F auxiliary contact connected in series 
with R coil opens (Figure 9-8). 

If the opposite direction of rotation is desired, the 
STOP button must be pressed first. If the reverse push 
button were to be pressed first, the now open F auxiliary 
contact connected in series with R coil would prevent a 
complete circuit from being established. Once the STOP 
button has been pressed, however, F coil de-energizes 
and all F contacts return to their normal position. The 
reverse push button can now be pressed to energize R coil 
(Figure 9-9). When R coil energizes, all R contacts change 
position. The three R load contacts close and connect the 
motor to the line. Notice, however, that two of the mo- 
tor T leads are connected to different lines. The normally 
closed R auxiliary contact opens to prevent the possibil- 
ity of F coil being energized until R coil is de-energized. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whele er in part. Duc te cloctrenic rights. seme third party ventent may he suppressed from the eBook aidéor oC hapterts). 


Editorial review has decmed that any supp 





od antotdecs net materially affect the secrall leaming experience, Cengage Learning reserees the right te remeee additional opntent at any time if subsoquent rights 


trictisw § POqui te it. 





124 @ Section 2 Basic Control Circuits 


LAWWYY CONTROL 
TRANSFORMER 


FORWARD REVERSE 


—— 


O eS Beas 


STOP 


O 
es a 


Figure 9-6 Interlocking with double-acting push buttons. 
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Figure 9-7 Electrical interlocking is also accomplished with normally closed auxiliary contacts. 
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Figure 9-8 Motor operating in the forward direction. 
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Figure 9-9 Motor operating in the reverse direction. 
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Developing a Wiring Diagram The first step is to place wire numbers on the sche- 

matic diagram. A suggested numbering sequence is 
The same basic procedure will be used to develop a shown in Figure 9-11. The next step is to place the wire 
wiring diagram from the schematic as was followed in the numbers beside the corresponding components of the 
previous chapters. The components needed to construct wiring diagram as in Figure 9-12. The circuit with con- 
this circuit are shown in Figure 9-10. In this example it is necting wires is shown in Figure 9-13. 


assumed that two contactors and a separate three phase 
overload relay will be used. 
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Figure 9-10 Components needed to construct a reversing control. 
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Figure 9-11 Placing numbers on the schematic. 
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Figure 9-12 Components needed to construct a reversing control circuit. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whele or in part. Duc te cloctrenic rights. seme third party oentent may he suppressed from the eBook aidéor oC hapterts). 
Editorial review has decmed that any suppressed aantent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 


130 @ Section 2 Basic Control Circuits 








3 


CONTROL 
TRANS. 


Figure 9-13 Forward-reverse circuit shown with connecting wires. 
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Uii/Review Questions 


1. How can the direction of rotation of a three phase 
motor be changed? 


2. What is interlocking? 


3. Referring to the schematic shown in Figure 9-7 
how would the circuit operate if the normally 
closed R contact connected in series with F coil 
were to be connected normally open? 


4. What would be the danger, if any, if the circuit 
were to be wired as stated in question 3? 


eee CONTROL 
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5. How would the circuit operate if the normally 
closed auxiliary contacts were to be connected so 
that F contact was connected in series with F coil 
and R contact was connected in series with R coil 
(Figure 9-7)? 


6. Assume that the circuit shown in Figure 9-7 
were to be connected as shown in Figure 9-14. 
In what way would the operation of the circuit be 
different, if at all? 


FORWARD 


STOP 
a= 
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Figure 3-14 The position of the holding contacts has been changed. 
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Chapter 10 





Objectives 
The definition of jogging or inching as described by NEMA is “the quickly repeated After studying this chapter 
closure of a circuit to start a motor from rest for the purpose of accomplishing small moye- the student will be able to: 


ments of the driven machine.” The term jogging actually means to start a motor with 


: : >> Define the term jogging. 
short jabs of power at full voltage. The term inching means to start a motor with short eee 


jabs of power at reduced voltage. Although the two terms mean different things, they >> State the purpose of jogging. 
are often used interchangeably because they are accomplished by preventing a holding >> State difference between 
circuit. jogging and inching. 


>> Describe the operation of 
Jogging Circuits a jogging control circuit using 


; d= sas fsa he eens ‘ control relays. 
Various jogging circuits will be presented in this chapter. As with many other types . 


of control circuits, jogging can be accomplished in different ways. Basically, jogging >» Describe the operation of a 
is accomplished by preventing the holding contact from sealing the circuit around jogging control circuit using a 
the START push button when the motor starter energizes. It should also be noted selector switch. 

that jogging circuits require special motor starters rated for jogging duty. >> Connect a jogging circuit. 


One of the simplest jogging circuits is shown in Figure 10—1. This circuit is basi- 
cally a START-STOP push button control circuit that has been reconnected so that 
the START button is in parallel with both the STOP button and holding contact. To 
jog the motor, simply hold down the STOP button and jog the circuit by pressing the 
START button. To run the motor, release the STOP button and press the START 
button. If the motor is in operation, the STOP button breaks the circuit to the hold- 
ing contact and de-energizes M coil. 


Double-Acting Push Buttons 


Jogging can also be accomplished using a double-acting push button. Two circuits of 
that type are shown in Figure 10—2. The normally closed section of the jog push button 
is connected in such a manner that when the button is pushed, it will defeat the holding 
contact and prevent it from sealing the circuit. The normally open section of the jog 
button completes a circuit to energize the coil of the motor starter. When the button 
is released, the normally open section breaks the circuit to M coil before the normally 
closed section reconnects to the circuit. This permits the starter to reopen the hold- 
ing contacts before the normally closed section of the jog button reconnects. Although 
this circuit is sometimes used for jogging, it does have a severe problem. The action of 
either of these two circuits depends on the normally open M auxiliary contact (holding 
contact) used to seal the circuit being open before the normally closed section of the jog 
button makes connection. Because push buttons employ a spring to return the contacts 
to their normal position, if a person’s finger slips off the jog button, it is possible for the 
spring to reestablish connection with the normally closed contacts before the holding 
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Figure 10-1 The STOP button prevents the holding contact from sealing the circuit. 
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Figure 10-2 Double-acting push buttons are used to provide jogging control. 
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contact has time to reopen. This would cause the motor to 
continue running instead of stopping. In some cases, this 
could become a significant safety hazard. 


Using a Control Relay 


The addition of a control relay to the jog circuit elimi- 
nates the problem of the holding contacts making 
connection before the normally closed section of the 
jog push button makes connection. Two circuits that 


Chapter 10 Jogging and Inching @ 135 


employ a control relay to provide jogging are shown 
in Figure 10—3. In both of these circuits, the control 
relay provides the auxiliary holding contacts, not the 
M starter. The jog push button energizes the coil of 
M motor starter, but does not energize the coil of control 
relay CR. The START push button is used to energize 
the coil of CR relay. When energized, CR relay contacts 
provide connection to M coil. The use of control relays 
In a jogging circuit is very popular because of the sim- 
plicity and safety offered. 





Figure 10-3 Control relays provide jogging control. 
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A jogging circuit for a forward—reverse control is 
shown in Figure 10-4. Note that a control relay is used 
to provide jogging in either direction. When the forward 
jog push button is pressed, the normally open section 
makes connection and provides power to F coil. This 
causes F load contacts to close and connect the motor 
to the power line. The normally open F auxiliary con- 
tact closes, also, but the normally closed section of the 


forward jog button is now open, preventing coil CR from 
being energized. Because CR contact remains open, the 
circuit to F coil cannot be sealed by the normally open 
F auxiliary contact. 

If the forward START button is pressed, a circuit 
is completed to F coil causing all F contacts to change 
position. The normally open F auxiliary contact closes 
and provides a path through the normally closed section 
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Figure 10-4 Jogging using a control relay on a forward—reverse control. 
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of both jog buttons to CR coil. This causes CR auxil- 
iary contact to close and provide a current path through 
the now closed F auxiliary contact to F coil, sealing the 
circuit when the forward push button is released. The re- 
verse jog button and reverse START button operate the 
same way. Note also that normally closed F and R aux- 
iliary contacts are used to provide interlocking for the 
forward—reverse control. 


Jogging Controlled by a Selector 
Switch 
Another method of obtaining jogging control is with 


the use of a selector switch. The switch is used to break 
the connection to the holding contacts (Figure 10-5). 
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In this circuit a single pole, single throw toggle switch is 
used. When the switch is in the ON position, connection 
is made to the holding contacts. If the switch is in the 
OFF position the holding contacts cannot seal the cir- 
cuit when the START button is released. Note that the 
START button acts as both the START and jog button 
for this circuit. A selector switch can be used to provide 
the same basic type control (Figure 10-6), 


Iii/inching Controls 


As stated previously, jogging and inching are very sim- 
ilar in that both are accomplished by providing short 
jabs of power to a motor to help position certain pieces 


OL 
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Figure 10-5 A single pole, single throw toggle switch provides jog or run control. 
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Figure 10-6 A selector switch provides run—jog control. 


of machinery. Inching, however, is accomplished by circuit shown in Figure 10-7, resistors are connected 
providing a reduced amount of power to the motor. in series with the motor during inching. Notice that 
Transformers can be used to reduce the amount of inching control requires the use of a separate contac- 
voltage applied to the motor during inching, or reactors tor because the power supplied to the motor must be 
or resistors can be connected in series with the motor separate from full line voltage. 


to reduce the current supplied by the power line. In the 
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Figure 10-7 Resistors are used to reduce power to the motor. 


Ui Review Questions series with the holding contacts. Explain how this 


circuit operates. 
1. Explain the difference between inching and 4. Refer to the circuit shown in Figure 10-9. In 


jogging. this circuit the jog push button has again been 
2. What is the main purpose of jogging? connected incorrectly. The normally closed 
section of the button has been connected in 
series with the normally open run push button 
and the normally open section of the jog button 
is connecting in parallel with the holding contacts. 
Explain how this circuit operates. 


3. Refer to the circuit shown in Figure 10-8. In 
this circuit, the jog button has been connected 
incorrectly. The normally closed section has been 
connected in parallel with the run push button and 
the normally open section has been connected in 
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Figure 10-8 The jog button is connected incorrectly. 
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Figure 10-9 Another incorrect connection for the jog button. 
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Chapter 11 





Time delay relays can be divided into two general classifications: the on-delay relay 
and the off-delay relay. The on-delay relay is often referred to as DOE, which stands 
for “Delay On Energize.” The off-delay relay is often referred to as DODE, which 
stands for “Delay On De-Energize.” 

Timer relays are similar to other control relays in that they use a coil to con- 
trol the operation of some number of contacts. The difference between a control 
relay and a timer relay is that the contacts of the timer relay delay changing their 
position when the coil is energized or de-energized. When power is connected to 
the coil of an on-delay timer, the contacts delay changing position for some period 
of time. For this example, assume that the timer has been set for a delay of 10 sec- 
onds. Also assume that the contact is normally open. When voltage is connected 
to the coil of the on-delay timer, the contacts remain in the open position for 10 
seconds and then close. When voltage is removed and the coil is de-energized, the 
timed contact immediately changes back to its normally open position. The con- 
tact symbols for an on-delay relay are shown in Figure 11-1. 

The operation of the off-delay timer is the opposite of the operation of the on- 
delay timer. For this example, again assume that the timer has been set for a delay 
of 10 seconds, and also assume that the contact is normally open. When voltage 
is applied to the coil of the off-delay timer, the contact changes immediately from 
open to closed. When the coil is de-energized, however, the timed contact remains 
in the closed position for 10 seconds before it reopens. The contact symbols for an 
off-delay relay are shown in Figure 11—2. Time delay relays can have normally open, 
normally closed, or a combination of normally open and normally closed contacts. 


° st 
NO NC 


Figure 11—1 On-delay normally open and normally closed 
contacts. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Identify the primary types of 
timing relays. 


>> Explain the basic steps in the 
operation of the common timing 
relays. 


>> List the factors that affect 
the selection of a timing relay 
for a particular use. 


>> List applications of several 
types of timing relays. 


>> Draw simple circuit dia- 
grams using timing relays. 


>> Identify on- and off-delay 
timing wiring symbols. 
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Although the contact symbols shown in Figures 
11—1 and 11-2 are standard NEMA symbols for on-delay 
and off-delay contacts, some control schematics may use 
a different method of indicating timed contacts. The ab- 
breviations TO and TC are used with some control sche- 
matics to indicate a time-operated contact. TO stands for 
time opening, and TC stands for time closing. If these ab- 
breviations are used with standard contact symbols, their 
meaning can be confusing. Figure 1 1—3 shows a standard 
normally open contact symbol with the abbreviation TC 
written beneath it. This contact must be connected to an 
on-delay relay if it is to be time delayed when closing. 
Figure 11—4 shows the same contact with the abbrevia- 
tion TO beneath it. If this contact is to be time delayed 
when opening, it must be operated by an off-delay timer. 
These abbreviations can also be used with standard 
NEMA symbols as shown in Figure 11—S. 


° ale 
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Figure 11-2 Off-delay normally open and normally closed 
contacts. 
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Figure 11-3 Time closing contact. 


| 


TO 


Figure 11-4 Time opening contact. 


A B 
° aie 
NOTC NOTO 


Figure 11-5 Contact A is an on-delay contact with the 
abbreviation NOTC (normally open time closing). Contact B is an 
off-delay contact with the abbreviation NOTO (normally open time 
opening). 


Wii/Pneumatic Timers 


Pneumatic, or air timers, operate by restricting the flow 
of air through an orifice to a rubber bellows or dia- 
phragm. Figure 11-6 illustrates the principle of opera- 
tion of a simple bellows timer. If rod “A” pushes against 
the end of the bellows, air is forced out of the bellows 
through the check valve as the bellows contracts. When 
the bellows is moved back, contact TR changes from an 
open to a closed contact. When rod “A” is pulled away 
from the bellows, the spring tries to return the bellows 
to its original position. Before the bellows can be 
returned to its original position, however, air must enter 
the bellows through the air inlet port. The rate at which 
the air is permitted to enter the bellows is controlled 
by the needle valve. When the bellows returns to its 
original position, contact TR returns to its normally 
open position. 

Pneumatic timers are popular throughout industry 
because they have the following characteristics: 


A. They are unaffected by variations in ambient tem- 
perature or atmospheric pressure. 


B. They are adjustable over a wide range of time 
periods. 


Q 


. They have good repeat accuracy. 


D. They are available with a variety of contact and tim- 
ing arrangements. 


Some pneumatic timers are designed to permit 
the timer to be changed from on delay to off delay, and 
the contact arrangement to be changed to normally 
opened or normally closed (Figure 1 1—7). This type of 
flexibility is another reason for the popularity of pneu- 
matic timers. 
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ROD "A" 


Figure 11-6 Bellows-operated pneumatic timer. 





Figure 11-7 Pneumatic timer. 


Many timers are made with contacts that oper- 
ate with the coil as well as time delayed contacts. When 
these contacts are used, they are generally referred to 
as instantaneous contacts and indicated on a schematic 
diagram by the abbreviation, inst., printed below the con- 
tact (Figure 11—8). These instantaneous contacts change 
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CHECK VALVE 


TR 


ee 


INST. 


Figure 11-8 Normally open instantaneous contact of a timer 
relay. 


their positions immediately when the coil is energized 
and change back to their normal positions immediately 
when the coil is de-energized. 


MiiCiock Timers 


Another timer frequently used is the clock timer 
(Figure 11—9). Clock timers use a small AC synchro- 
nous motor similar to the motor found in a wall clock 
to provide the time measurement for the timer. The 
length of time of one clock timer may vary greatly from 
the length of time of another. For example, one timer 
may have a full range of 0 to 5 seconds and another 
timer may have a full range of 0 to 5 hours. The same 
type of timer motor could be used with both timers. 
The gear ratio connected to the motor would determine 
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Figure 11-9 Clock-driven timer. 


the full range of time for the timer. Some advantages of 
clock timers are: 


A. They have extremely high repeat accuracy. 


B. Readjustment of the time setting is simple and can 
be done quickly. Clock timers are generally used 
when the machine operator must make adjustments 
of the time length. 


IiiiCam or Sequence Timers 


Cam timers are generally used to operate several 
switches. The operation of the switches is controlled by 
the action of adjustable cams attached to a common 
shaft. The shaft is turned by a small synchronous motor 
(Figure 11-10). Cam timers are also known as sequence 
timers because they repeat the same action as long as the 
motor is turning the cams. They are often used to con- 
trol flashing lights that must turn on or off in a certain 
sequence, such as the lights that appear to move from 
one place to another, or lights that spell out a word one 
letter at a time. A motor-driven cam timer is shown in 
Figure 11-11. 

Programmable logic controllers (PLCs) are most 
often used to perform the functions of a cam timer. 
PLCs can be programmed as a sequencer and drive 
hundreds of outputs. It is much simpler to program the 
outputs of the PLC than it is to set all the cams on a 
mechanical timer. 


MICRO LIMIT 


SYNCHRONOUS SWITCHES 


re 





Figure 11-10 Cam switch. 





Figure 11-11 Motor-driven process timer. Often referred to as a 
cam timer. 


Mii/E\ectronic Timers 


Electronic timers use solid-state components to provide the 
time delay desired. Some of these timers use an RC time 
constant to obtain the time base and others use quartz 
clocks as the time base (Figure 11—12). RC time constants 
are inexpensive and have good repeat times. The quartz 
timers, however, are extremely accurate and can often be 
set for 0.1 second times. These timers are generally housed 
in a plastic case and are designed to be plugged into some 
type of socket. An electronic timer that is designed to be 
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plugged into a standard 8 pin relay socket is shown in 
Figure 11-13. The length of the time delay can be set by 
adjusting the control knob shown on top of the timer. 
Eight pin electron timers similar to the one shown in 
Figure 11-13 are intended to be used as on-delay timers 
only. Many electronic timers are designed to plug into an 
11 pin relay or tube socket (Figure 11—14) and are more 
flexible. Two such timers are shown in Figures 11—15A and 
11—15B. Either of these timers can be used as an on-delay 









Figure 11-14 11 pin relay sockets. 
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Figure 11-12 Digital clock timer. 





Figure 11-15A Dayton electronic timer. 


TYPE HR 100-240VAC 





Figure 11-13 Electronic timer. Figure 11-15B Allen-Bradley electronic timer. 
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timer, an off-delay timer, a pulse timer, or as a one-shot 
timer. Pulse timers continually turn on and off at regular 
intervals. A timing period chart for a pulse timer set for a 
delay of 1 second is shown in Figure 11-16. A one-shot 
timer operates for one time period only. A timing period 
chart for a one-shot timer set for 2 seconds is shown in 
Figure 11-17. 

Most electronic timers can be set for a wide range of 
times. The timer shown in Figure 11—15A uses a thumb- 
wheel switch to enter the timer setting. The top selector 
switch can be used to set the full range value from 9.99 
seconds to 999 minutes. This timer has a range from 0.01 
second to 999 minutes (16 hrs. 39 min.). The timer shown 
in Figure 11—15B can be set for a range of 0.01 second 
to 100 hours by adjusting the range and units settings on 
the front of the timer. Most electronic timers have simi- 
lar capabilities. 


Connecting 11 Pin Timers 


Connecting 11 pin timers into a circuit is generally a 
little more involved than simply connecting the coil to 
power. The manufacturer’s instructions should always 
be consulted before trying to connect one of these tim- 
ers. Although most electronic timers are similar in how 
they are connected, there are differences. The pin con- 
nection diagram for the timer shown in Figure 11—-15A 


1 Sec 1 Sec 1 Sec 
ON 


OFF 1 Sec 1 Sec 1 Sec 


Figure 11-16 Time chart for pulse timer. 


ON 
OFF —t 


Figure 11-17 Time chart for a one-shot timer. 


is shown in Figure 11-18. Notice that a normally open 
push button switch is shown across terminals 5 and 6. 
This switch is used to start the action of the timer when 
it is set to function as an off-delay timer or as a one-shot 
timer. The reason is that when the timer is to function as 
an off-delay timer, power must be applied to the timer at 
all times to permit the internal timing circuit to operate. 
If power is removed, the internal timer cannot function. 
The START switch is actually used to initiate the opera- 
tion of the timer when it is set to function in the off-delay 
mode. Recall the logic of an off-delay timer: When the 
coil is energized, the contacts change position immediately. 
When the coil is de-energized, the contacts delay return- 
ing to their normal position. According to the pin chart 
shown in Figure 11-18, pins 2 and 10 connect to the coil 
of the timer. To use this timer in the off-delay mode, 
power must be connected to pins 2 and 10 at all times. 
Shorting pins 5 and 6 together causes the timed contacts 
to change position immediately. When the short circuit 
between pins 5 and 6 is removed, the time sequence 
begins. At the end of the preset time period, the contacts 
return to their normal position. 

If electronic off-delay timers are to replace pneu- 
matic off-delay timers in a control circuit, it is generally 





Figure 11-18 Pin connection diagram for Dayton timer. 
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necessary to modify the circuit. For example, in the 
circuit shown in Figure 11-19, it is assumed that start- 
ers 1M and 2M control the operation of two motors 
and timer TR is a pneumatic off-delay timer. When the 
START button is pressed both motors start at the same 
time. The motors continue to operate until the STOP 
button is pressed, which causes motor #1 to stop run- 
ning immediately. Motor #2, however, will continue to 
run for a period of 5 seconds before stopping. 

Now assume that the pneumatic off-delay timer is re- 
placed with an electronic off-delay timer (Figure 1 1—20). 
In this circuit, notice that the coil of the timer is con- 
nected directly across the incoming power, which permits 
it to remain energized at all times. In the circuit shown in 
Figure 11—19, the timer actually operates with starter 1M. 
When coil 1M energizes, timer TR energizes at the same 
time. When coil 1M de-energizes, timer TR de-energizes 
also. For this reason, a normally open auxiliary contact 
on starter 1M will be used to control the operation of the 
electronic off-delay timer. In the circuit shown in Figure 
11—20 a set of normally open 1M contacts is connected 
to pins 5 and 6 of the timer. When coil 1M energizes, con- 
tact 1M closes and shorts pins 5 and 6, causing the nor- 
mally open TR contacts to close and energize starter coil 
2M. When coil IM is de-energized, the contacts reopen 
and timer TR begins timing. After 5 seconds contacts TR 
reopen and de-energize starter coil 2M. 

All electronic timers are similar, but there are 
generally differences in how they are to be connected. 
The connection diagram for the timer shown in Figure 
11—15B is shown in Figure 11—21. Notice that this timer 
contains RESET, START, and GATE pins. Connecting 
pin 2 to pin 5 activates the GATE function, which 
interrupts or suspends the operation of the internal clock. 
Connecting pin 2 to pin 6 activates the START function, 


Figure 11-19 Off-delay timer circuit using a pneumatic timer. 
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which operates in the same manner as the timer shown in 
Figure 11—15A. Connecting pin 2 to pin 7 activates the 
RESET function, which resets the internal clock to zero. 
If this timer were to be used in the circuit shown in Figure 
11—20, it would have to be modified as shown in Figure 
11—22 by connecting the 1M normally open contact to 
pins 2 and 6 instead of pins 5 and 6. 


Construction of a Simple Electronic 
Timer 


The schematic for a simple on-delay timer is shown 
in Figure 11—23. The timer operates as follows: When 
switch S1 is closed, current flows through resistor RT 
and begins charging capacitor Cl. When capacitor Cl 
has been charged to the trigger value of the unijunction 
transistor, the UJT turns on and discharges capacitor 
Cl through resistor R2 to ground. The sudden discharge 
of capacitor Cl causes a spike voltage to appear across 
resistor R2. This voltage spike travels through capacitor 
C2 and fires the gate of the SCR. When the SCR turns 
on, current is provided to the coil of relay K1. 

Resistor R1 limits the current flow through the UJT. 
Resistor R3 is used to keep the SCR turned off until the 
UIT provides the pulse to fire the gate. Diode D1 is used 
to protect the circuit from the spike voltage produced by 
the collapsing magnetic field around coil K1 when the 
current is turned off. 

By adjusting resistor RT, capacitor Cl can be 
charged at different rates. In this manner, the relay can 
be adjusted for time. Once the SCR has turned on, it will 
remain on until switch S1 is opened. 

Programmable controllers, which will be dis- 
cussed in a later chapter, contain “internal” electronic 


OL OL 
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H 120 VAC 





Figure 11-20 Modifying the circuit for an electronic off-delay timer. 





Figure 11-21 Pin connection diagram for Allen-Bradley timer. 


timers. Most programmable logic controllers (PLCs) 
use a quartz-operated clock as the time base. When the 
controller is programmed, the timers can be set in time 
increments of 0.1 second. This, of course, provides very 
accurate time delays for the controller. 


Making an On-Delay Timer Function 
as an Off-Delay Timer 


On-delay timers can be used to perform the same logic 
function as off-delay timers. There may be instances 
that an off-delay timer is needed and only on-delay tim- 
ers are available. When this is the case, the circuit can 
be amended to permit the on-delay timer to perform the 
logic of an off-delay timer. In the circuit shown in Figure 
11-19, motors | and 2 start at approximately the same 
time. When the stop button is pressed, motor | stops 
operating immediately but motor 2 continues to operate 
for an additional 5 seconds. Now assume that off-delay 
timer TR is to be replaced with an on-delay timer. In 
the circuit shown in Figure 11—19, off-delay timer TR 
begins its time sequence when motor starter coil 1M is 
de-energized. In order to use an on-delay timer to per- 
form this function it will be necessary to start the timing 
sequence when motor starter coil 1M de-energizes. An- 
other consideration is timer contact TR. In the circuit 
shown in Figure 11—19, off-delay timed contact TR is 
shown normally open. When timer coil TR is energized, 
this contact will close immediately permitting motor 
starter 2M to energize. In order to replace off-delay 
contact TR with an on-delay timed contact, it will be 
necessary to connect the contact normally closed as 
shown in Figure 11—24. Since the timed TR contact is 
now closed, a normally open contact controlled by 1M 
starter is connected in series with it to prevent power 
from being provided to coil 2M. A normally open 2M 
contact has been connected in parallel with the nor- 
mally open 1M contact to maintain a current path when 
starter IM is de-energized. 
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Figure 11-22 Replacing the Dayton timer with the Allen-Bradley timer. 
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Figure 11-23 Schematic of electronic on-delay timer. 
Timer TR must begin its time sequence when coil The operation of the circuit is as follows: 


1M is de-energized. To accomplish this, a normally closed 
contact controlled by starter coil 1M is connected in series 
with the coil of timer TR. Since the 1M contact is nor- 


1. When the start button is pressed, starter 1M energizes 
and all 1M contacts change position, Figure 11—25. 


mally closed, a normally open contact controlled by starter 2. Coil 2M energizes and both normally open 2M auxil- 
coil 2M is connected in series to prevent power from being iary contacts close. The circuit to timer coil TR is inter- 
applied to timer coil TR when the circuit is turned off. rupted by the now open normally closed 1M contact. 
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Figure 11-24 Using an on-delay timer to perform the logic of an off-delay timer. 
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Figure 11-25 Starters 1M and 2M energize causing all 1M and 


Jp Figure 11-26 Starter 1M de-energizes causing timer TR to begin 
2M contacts to change position. 


its time sequence. 


3. When the start button is pressed, coil 1M de-ener- 5. At the end of the 5-second time period, timed 


gizes and all 1M contacts return to their normal po- 
sition, Figure 11-26. A circuit path is maintained to 
starter coil 2M by the closed 2M contact connected 
in parallel with the now open IM contact. 


. When the 1M contact connected in series with 
timer coil TR returned to the closed condition, a 
circuit was completed, starting the time sequence for 
timer TR. 


contact TR opens and disconnects power to starter 
coil 2M, causing all 2M contacts to return to their 
normal position. 


. When the 2M contact connected in series with coil 


TR reopens, power is disconnected to timer coil TR, 
causing timed contact TR to return to its normally 
closed position. The circuit is now in its original 
position. 
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PililiRevi ew Questi ons 4, What are instantaneous contacts? 


$4, ase , 5. How are pneumatic timers adjusted? 
1. What are the two basic classifications of timers? 


6. Name two methods used by electronic timers to 


2. Explain the operation of an on-delay relay. obtain their time base. 


3. Explain the operation of an off-delay relay. 
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Chapter 12 





Sequence control forces motors to start or stop in a predetermined order. One motor 
cannot start until some other motor is in operation. Sequence control is used by such 
machines as hydraulic presses that must have a high pressure pump operating before 
they can be used, or by air conditioning systems that require that the blower be in 
operation before the compressor starts. Sequence control can be achieved by several 
methods. One design that meets the requirements is shown in Figure 12-1. In this 
circuit, push button #1 must be pressed before power can be provided to push but- 
ton #2. When motor starter #1 energizes, the normally open auxiliary contact 1M 
closes providing power to coil 1M and to push button #2. Motor starter #2 can now 
be started by pressing push button #2. Once motor starter #2 energizes, auxiliary 
contact 2M closes and provides power to coil 2M and push button #3. If the STOP 
button should be pressed or any overload contact opens, power will be interrupted 
to all starters. 


A Second Circuit for Sequence Control 


A second method of providing sequence control is shown in Figure 12—2. Because 
the motor connections are the same as the previous circuit, only the control part 
of the schematic is shown. In this circuit, normally open auxiliary contacts located 
on motor starters 1M and 2M are used to ensure that the three motors start in the 
proper sequence. A normally open IM auxiliary contact connected in series with 
starter coil 2M prevents motor #2 from starting before motor #1, and a normally 
open 2M auxiliary contact connected in series with coil 3M prevents motor #3 from 
starting before motor #2. If the STOP button is pressed or if any overload contact 
opens, power will be interrupted to all starters. 


Sequence Control Circuit #3 


A third circuit that is almost identical to the previous circuit is shown in Figure 12-3. 
This circuit also employs the use of normally open auxiliary contacts to prevent 
motor #2 from starting before motor #1, and motor #3 cannot start before motor 
#2. These normally open auxiliary contacts that control the starting sequence are 
often called permissive contacts because they permit action to take place. The main 
difference between the two circuits is that in the circuit shown in Figure 12—2 the 





Objectives 


After studying this chapter 
the student will be able to: 


>> State the purpose for start- 
ing motors in a predetermined 
sequence. 


>> Read and interpret sequence 
control schematics. 


>> Convert a sequence con- 
trol schematic into a wiring 
diagram. 


>> Connect a sequence control 
circuit. 
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Figure 12—1 One example of a circuit that provides sequence control. 


STOP push button interrupts the power to all the motor 
starters. The circuit in Figure 12—3 depends on the nor- 
mally open auxiliary contacts reopening to stop motors 
#2 and #3. 


Automatic Sequence Control 


Circuits that permit the automatic starting of motors 
in sequence are common. A number of methods can 


be employed to determine when the next motor should 
start. Some sense motor current. When the current of 
a motor drops to a predetermined level, it permits the 
next motor to start. Other circuits sense the speed of 
one motor before permitting the next one to start. One 
of the most common methods is time delay. The circuit 
shown in Figure 12-4 permits three motors to start in 
sequence. Motor #1 starts immediately when the START 
button is pressed. Motor #2 starts 5 seconds after motor 
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Figure 12-2 A second circuit for sequence control. 
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Figure 12-3 A third circuit for sequence control. 


Copyright 201? Congave Learning. All Rights Reserved. May net he copied. scanned. er duplicated. in whele or in part. Duc te cloctrenic rights. seme third party oentent may he suppressed from the eBook aidaéor cChapterfs). 
Editorial review has deemed that any suppressed wentntdecs net matcrially affect the excrall leaming expericnee, Cengage Learning reserves the right te remee additional ontent at any time if subsoquent rights restrictions require it, 


156 @ Section 2 Basic Control Circuits 


He CONTROL 


TRANSFORMER 


OL1 OL2 OL3 


1M 


TR1 


5 SECONDS 


5 SECONDS 


TR2 


Figure 12-4 Timed starting for three motors. 
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Figure 12-5 Circuit is modified to eliminate parallel coils. 


Copyright 21? Conzave Learning. All Rights Reserved. May net he copied. scanned. er duplicated. in whele or in part. Duc te cloctrenic rights. seme third party uentent may he suppressed from the eBook andaéor cChapterts). 
Editorial review has decmed that any suppressed aonttnt dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restriction s require it. 





#1 starts, and motor #3 starts 5 seconds after motor #2 
starts. Timer coil TR1 is connected in parallel with 1M 
starter coil. Because they are connected in parallel, they 
will energize at the same time. After a delay of 5 seconds, 
TR1 contact closes and energizes coils 2M and TR2. 
Motor #2 starts immediately, but timed contact TR2 
will delay closing for 5 seconds. After the delay period, 
starter coil 3M will energize and start motor #3. When 
the STOP button is pushed, all motors stop at virtually 
the same time. 

Although the circuit logic in Figure 12-4 is correct, 
most ladder diagrams do not show coils connected in par- 
allel. A modification of the circuit is shown in Figure 12-5. 
In this circuit, auxiliary contacts on the motor starters are 
used to control the action of the timed relays. Note that 
the logic of the circuit is identical to that of the circuit in 


Figure 12-4. 
i CONTROL 


TRANSFORMER 
= START 
alls 
CR 
CR 
TR1 
CR 1M 
SI 
TR2 
2M 
CR 2M 
=a 
3M 


Chapter 12 Sequence Control @ 157 


Iih/Stopping the Motors 
in Sequence 


Some circuit requirements may demand that the motors turn 
off in sequence instead of turning on in sequence. This cir- 
cuit requires the use of off-delay timers. Also, a control re- 
lay with four contacts is needed. The circuit shown in Figure 
12-6 permits the motors to start in sequence from #1 to #3 
when the START button is pressed. Although they start in 
sequence, the action will be so fast that it will appear they all 
start at approximately the same time. When the STOP button 
is pressed, however, they will stop in sequence from #3 to #1 
with a time delay of 5 seconds between each motor. Motor 
#3 will stop immediately. Five seconds later motor #2 will 
stop, and 5 seconds after motor #2 stops, motor #1 will stop. 
An overload on any motor will stop all motors immediately. 


OL1 OL2 OL3 


5 SECONDS 


5 SECONDS 


Figure 12-6 Motors start in sequence from 1 to 3 and stop in sequence from 3 to 1 with a delay of 5 seconds between the stopping 


of each motor. 
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Circuit Operation 


When the START push button is pressed, control relay 
CR energizes and causes all CR contacts to close (Figure 
12-7). Motor starter 2M cannot energize because of the 
normally open 1M contact connected in series with coil 
2M, and motor starter 3M cannot energize because of 
the normally open 2M contact connected in series with 
coil 3M. Motor starter 1M does energize, starting motor 
#1 and closing all 1M contacts (Figure 12-8). 


CONTROL 
TRANSFORMER 





CR 1M 


2M 


CR 2M 


he 


3M 


Figure 12-7 Control relay CR energizes and closes all CR contacts. 


The 1M contact connected in series with coil 2M 
closes and energizes coil 2M (Figure 12-9). This causes 
motor #2 to start and all 2M contacts to close. Off-delay 
timer TRI energizes and immediately closes the TR1 
contact connected in parallel with the CR contact con- 
nected in series with coil 1M. 

When the 2M contact connected in series with coil 
3M closes, starter coil 3M energizes and starts motor 
#3. The 3M auxiliary contact connected in series with 
off-delay timer coil TR2 closes and energizes the timer 


OL1 OL2 OLS 


5 SECONDS 


5 SECONDS 
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Figure 12-8 Motor #1 starts. 


causing timed contacts TR2 to close immediately 
(Figure 12-10). Although this process seems long when 
discussed in step-by-step order, it actually takes place 
almost instantly. 

When the STOP button is pressed, all CR contacts 
open immediately (Figure 12-11 on page 162). Motor 
#1 continues to run because the now closed TR1 con- 
tact maintains a circuit to the coil of 1M starter. Motor 
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#2 continues to run because of the now closed TR2 
contact. Motor #3, however, stops immediately when 
the CR contact connected in series with coil 3M opens. 
This causes the 3M auxiliary contact connected in se- 
ries with TR2 coil to open and de-energizes the timer. 
Because TR2 is an off-delay timer, the timing process 
starts when the coil is de-energized. TR2 contact re- 
mains closed for a period of 5 seconds before it opens. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whele er in part. Duc te cloctrenic rights. seme third party ventent may he suppressed from the eBook aidéor oC hapterts). 
Editorial review has decmed that any suppressed aonttent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 


160 @ Section 2 Basic Control Circuits 


CONTROL 
TRANSFORMER 





5 SECONDS 


5 SECONDS 


Figure 12-9 Motor #2 starts. 


When TR2 contact opens, coil 2M de-energizes and 
stops motor #2. When the 2M auxiliary contacts open, 
TRI coil de-energizes and starts the time delay for con- 
tact TRI (Figure 12-12 on page 163). After a delay of 
5 seconds, timed contact TR1 opens and de-energizes coil 
1M, stopping motor #1 and opening the 1M auxiliary 
contact connected in series with coil 2M. The circuit is 
now back in its normal de-energized state as shown in 
Figure 12-6. 


Timed Starting and Stopping of Three 
Motors 


The addition of two timers makes it possible to start 
the motors in sequence from #1 to #3 with a time delay 
between the starting of each motor as well as stopping 
the motors in sequence from #3 to #1 with a time delay 
between the stopping of each motor. The circuit shown 
in Figure 12—13 on page 164 makes this amendment. 
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Figure 12-10 Motor #3 starts. 


When the START button is pressed, all CR contacts 
close. Motor #1 starts immediately when starter 1M 
energizes. The 1M auxiliary contact closes and energizes 
on-delay timer TR3. After 5 seconds, starter 2M 
energizes and starts motor #2. The 2M auxiliary contact 
connected in series with off-delay timer TR1 closes caus- 
ing timed contact TRI to close immediately. The second 
2M auxiliary contact connected in series with on-delay 
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5 SECONDS 


timer TR4 closes and starts the timing process. After 5 
seconds, timed contact TR4 closes and energizes starter 
coil 3M starting motor #3. The 3M auxiliary contact 
connected in series with off-delay timer TR2 closes and 
energizes the timer. Timed contact TR2 closes immedi- 
ately. All motors are now running. 

When the STOP button is pressed, all CR contacts 
open immediately. This de-energizes starter 3M stopping 
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Figure 12-11 Motor #3 stops. 
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Figure 12-12 Motor #2 stops. 


motor #3 and de-energizing off-delay timer coil TR2. 
After a delay of 5 seconds, timed contact TR2 opens and 
de-energizes starter 2M. This causes motor #2 to stop, 
off-delay timer TR1 to de-energize, and on-delay timer 
TR4 to de-energize. TR4 contact reopens immediately. 
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After a delay of 5 seconds, timed contact TR1 opens 
and de-energizes starter coil 1M. This causes motor #1 
to stop and on-delay timer TR3 to de-energize. Contact 
TR3 reopens immediately and the circuit is back in its 
original de-energized state. 
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Figure 12-13 Motors start and stop in sequence with a time delay between starting and stopping. 


Mii!/Review Questions 


1. What is the purpose of sequence control? 


2. Refer to the schematic diagram in Figure 12-14. 
Assume that the 1M contact located between 
wire numbers 29 and 30 had been connected 
normally closed instead of normally open. How 
would this circuit operate? 


3. Assume that all three motors shown in Figure 
12-14 are running. Now assume that the STOP 
button is pressed and motors #1 and #2 stop run- 
ning, but motor #3 continues to operate. Which of 
the following could cause this problem? 

a. STOP button is shorted. 
b. The 2M contact between wire numbers 31 and 
32 is hung closed. 
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Figure 12-14 Sequence control schematic with wire numbers. Basic control circuits. 
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c. The 3M load contacts are welded shut. 
d. The normally open 3M contact between wire 
numbers 23 and 31 is hung closed. 


. Referring to Figure 12-14, assume that the 

normally open 2M contact located between 

wire numbers 23 and 29 is welded closed. Also 

assume that none of the motors are running. 

What would happen if: 

a. The number 2 push button was to be pressed 
before the number 1 push button? 


b. The number 1 push button was to be pressed 
first? 


. In the control circuit shown in Figure 12-2, if an 


overload occurs on any motor, all three motors 
will stop running. Using a separate sheet of paper, 
redesign the circuit so that the motors must still 
start in sequence from #1 to #3, but an overload 
on any motor will stop only that motor. If an 
overload should occur on motor #1, for example, 
motors #2 and #3 would continue to operate. 
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Chapter 13 





Pressure switches are found throughout the industry in applications where it is necessary 
to sense the pressure of pneumatic or hydraulic systems. Pressure switches are available 
that can sense pressure changes of less than | psi (pounds per square inch) or pressures 
over 15,000 psi. A diaphragm-operated switch can sense small pressure changes at low 
pressure (Figure 13-1). 

A metal bellows type switch can sense pressures up to 2,000 psi. The metal 
bellows type pressure switch employs a metal bellows that expands with pressure 
(Figure 13—2). Although this switch can be used to sense a much higher pressure 
than the diaphragm type, it is not as sensitive in that it takes a greater change in 
pressure to cause the bellows to expand enough to activate a switch. A piston type 
pressure switch can be used for pressures up to 15,000 psi (Figure 13-3). 

Regardless of the method used to sense pressure, all pressure switches 
activate a set of contacts. The contacts may be either single pole or double pole 
depending on the application, and will be designed with some type of snap 
action mechanism. Contacts cannot be permitted to slowly close or open. This 
would produce a bad connection and cause burning of the contacts as well as low 






DIAPHRAGM 


— 
Suirit TO PRESSURE 


Figure 13-1 A diaphragm type pressure switch can 
sense small pressure changes at a low pressure. 





Objectives 
After studying this chapter 
the student will be able to: 


>> Describe the operation of 
high pressure switches. 


>> Describe the operation of 
low pressure switches. 


>> Make connection of a high 
pressure switch. 


>> Make connection of a low 
pressure switch. 


>> Discuss differential setting 
of pressure switches. 


>> Discuss pressure sensors 
that convert pressure to current 
for instrumentation purposes. 


169 
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Figure 13-2 A metal bellows type pressure switch can be used 


for pressures up to 2000 psi. 
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Figure 13—3 Piston type pressure switches can be used for 
pressures up to 15,000 psi. 





Figure 13—4 Line voltage pressure switch. 


voltage problems to the equipment they control. Some 
pressure switches are equipped with contacts large 
enough to connect a motor directly to the power line, 
and others are intended to control the operation of a 
relay coil. A line voltage type pressure switch is shown 
in Figure 13—4. Pressure switches of this type are often 
used to control the operation of well pumps and air 
compressors (Figure 13-5). 


WATER 
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TO POWER 





WATER LINE 
LEVEL VOLTAGE 


PRESSURE 
SWITCH 


Figure 13-5 A line voltage pressure switch controls the 
operation of a pump motor. 


ii!/Ditterential Pressure 


Differential pressure is the difference in pressure between 
cut-in or turn-on pressure and the cut-out or turn-off 
pressure. Most pressure switches provide a means for 
setting the pressure differential. In the example shown 
in Figure 13—S, a line voltage pressure switch controls 
the motor of a well pump. Typically, a pressure switch 
of this type would be set to cut in at about 30 psi and 
cut out at about 50 psi. The 20 pounds of differential 
pressure is necessary to prevent overworking the pump 
motor. Without differential pressure, the pump motor 
would continually turn on and off, which is what hap- 
pens when a tank becomes waterlogged. An air space 
must be maintained in the tank to permit the pressure 
switch to function. The air space is necessary because 
air can be compressed, but a liquid cannot. If the tank 
becomes waterlogged the pressure switch would turn on 
and off immediately each time a very small amount of 
water was removed from the tank. Pressure switch sym- 
bols are shown in Figure 13-6. 
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IiiiTypical Application 


Oo 
Pressure switches are used in many common industrial 


applications. The circuit shown in Figure 13—7 employs 
NORMALLY OPEN NORMALLY CLOSED a pressure switch to disconnect a motor and turn on two 
PRESSURE SWITCH PRESSURE SWITCH warning lights in the event of a high-pressure condi- 
tion. The pressure switch contains both normally open 
and normally closed contacts. The normally closed 


O° part of the pressure switch is connected to a control re- 
ae lay labeled PSCR 2 (pressure switch control relay #2), 
and the normally open part of the switch is connected 
NORMALLY OPEN NORMALLY CLOSED to a control relay labeled PSCR 1. In order for the con- 
HELD CLOSED HELD OPEN trol circuit to perform its desired function, the pressure 
PRESSURE SWITCH PRESSURE SWITCH switch must contain five different contacts, three nor- 
mally closed and two normally open. Because pressure 
Figure 13-6 Pressure switch symbols. switches do not contain contacts in this arrangement, 
Lu L2 L3 

M OL 

M OL 

M OL 

CONTROL TRANSFORMER 





Figure 13-7 High pressure turns off the motor and turns on a warning light. 
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it is common practice to permit sensing devices such 
as pressure switches, limit switches, float switches, and 
others to operate control relays that do contain the nec- 
essary contacts. 


Circuit Operation 


When the pressure is below the value that will cause 
the pressure switch to activate, the normally closed 
part of the switch will provide continuous power to 
the coil of PSCR 2 control relay. Both PSCR 2 nor- 
mally closed contacts will, therefore, be open anytime 
that the pressure is below that necessary to activate the 
pressure switch. 

If the pressure should increase to a value that causes 
the pressure switch to activate, the switch contacts will 
change from the closed to the open position. When the 
contacts change position, power is no longer supplied to 
the coil of PSCR 2 relay coil and both PSCR 2 contacts 
close. One PSCR 2 contact is connected in parallel with 
the reset button. This now closed contact will prevent the 
reset button from working as long as the pressure is in 
a high condition. The second PSCR 2 contact now sup- 
plies power to a red warning light that indicates a high- 
pressure condition. 

When the pressure switch activates, the normally 
open contact provides power to the coil of PSCR 1 re- 
lay coil, causing all PSCR 1 contacts to change position. 
The normally closed PSCR 1 contact connected in series 
with M starter opens and de-energizes the starter causing 
the motor to stop. One normally open PSCR 1 contact 
connected in parallel with the pressure switch closes to 
provide a path around the switch when the pressure re- 
turns to a low-enough level to permit the pressure switch 
to return to its normal position. A second normally open 
PSCR | contact closes to turn on an amber warning light 
to indicate that the motor has been stopped due to a 
high-pressure condition. 

As long as the high-pressure condition continues, 
the red warning light will remain on and the circuit can- 
not be reset. Once the pressure has returned to a safe 
level, the red warning light will turn off, but the amber 
warning light will remain on until the reset button is 
pressed. The motor cannot be restarted until the circuit 
has been reset. 


Connecting the Circuit 


The PSCR 1 control relay must contain at least three 
separate contacts, two normally open and one normally 
closed. Because an 11 pin control relay contains three 


sets of both normally open and normally closed con- 
tacts, an 11 pin control relay will be used for the PSCR 1 
relay in this example. The PSCR 2 control relay contains 
two normally closed contacts. An 8 pin control relay 
contains two sets of both normally open and normally 
closed contacts. An 8 pin control relay will be used for 
the PSCR 2 relay in this example. Both 11 pin and 8 pin 
control relays are shown in Figure 13-8. Both the 8 pin 
and 11 pin control relays are designed to plug into re- 
lay sockets (Figure 13-9). When connecting relays of 
this type, wires are connected to the socket, not the relay 
itself. Because the socket, not the relay, is connected in 
the circuit, a relay can be replaced very quickly in the 
event that it fails. The pin diagram for both 8 pin and 11 
pin relays of this type is shown in Figure 13-10. The cir- 
cuit shown in Figure 13-7 is shown in Figure 13—11 with 
the addition of wire numbers. There are several criteria 





Figure 13-8 8 pin and 11 pin control relays. 





Figure 13-9 8 pin and 11 pin control relay sockets. 
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Figure 13-10 Pin connection diagrams for 8 and 11 pin relays. 
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Figure 13—11 Control circuit with wire numbers. 
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concerning this particular connection that should be 
understood: 


1. Only the control wiring will be numbered. The main 
power wiring does not contain wire numbers. This is 
a very common practice in industrial schematics. 


2. It is assumed that the fuse connected to the second- 
ary of the transformer is integral with the trans- 
former. Therefore, wire numbers will begin at the 
fuse output. 


3. When connecting relays of this type, it is common 
practice to place pin numbers beside the compo- 
nents. To prevent confusing pin numbers with wire 
numbers, the pin numbers are placed inside a circle 
or square. The schematic shows that a normally 
closed PSCR 1 contact is connected in series with 
the coil of M starter. The pin diagram in Figure 
13-10 indicates that a normally closed contact is 


CONTROL 
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Figure 13-12 Components with corresponding wire numbers. 





located between pins | and 4. The schematic also 
shows two normally open PSCR | contacts. The 
pin diagram indicates that pins 6 and 7 and pins 11 
and 9 are connected to normally open contacts. The 
coil of PSCR | relay is connected to pins 2 and 10. 
The schematic indicates that two normally closed 
contacts are controlled by PSCR 2 control relay. 
The pin diagram for an 8 pin control relay shows 
that one of the normally closed contacts is located 
between pins | and 4 and a second normally closed 
contact is located between pins 8 and 5. The coil of 
PSCR 2 relay is connected to pins 2 and 7. 


. Many control schematics use X1 as the number for 


one side of the control transformer and X2 for the 
other. The schematic in Figure 13-11 will be numbered 
in the manner described by the preceding criteria. 


The components with corresponding wire numbers 
are shown in Figure 13-12, and the circuit with wire 
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connections is shown in Figure 13-13. The wire connec- 
tions are made by connecting all components with the 
same wire number together. 


hiii/Pressure Sensors 


Pressure switches are not the only pressure sensing 
devices that an electrician is likely to encounter on the 
job. This is especially true in an industrial environment. 
It is often necessary to not only know if the pressure has 
reached a certain level but also to know the amount of 
pressure. Although sensors of this type are generally con- 
sidered to be in the instrumentation field, an electrician 


TRANSFORMER 


Figure 13-13 Circuit with wire connections. 
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should be familiar with some of the various types and 
how they operate. 

Pressure sensors are designed to produce an output 
voltage or current that is dependent on the amount of 
pressure being sensed. Piezoresistive sensors are very 
popular because of their small size, reliability, and 
accuracy (Figure 13-14). These sensors are available 
in ranges from 0-1 psi (pounds per square inch) and 
0-30 psi. The sensing element is a silicon diaphragm inte- 
grated with an integrated circuit chip. The chip contains 
four implanted piezoresistors connected to form a bridge 
circuit (Figure 13-15). When pressure is applied to the 
diaphragm, the resistance of piezoresistors changes pro- 
portionally to the applied pressure, which changes the 
balance of the bridge. The voltage across VO changes in 
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Figure 13-14 Piezoresistive pressure sensor. 





Figure 13-15 Piezoresistive bridge. 


proportion to the applied pressure (VO = V4 — V2 [when 
referenced to V3]). Typical millivolt outputs and pres- 
sures are shown below: 


1 psi = 44 mV 
5 psi = 115 mV 
15 psi = 225 mV 
30 psi = 315 mV 


Another type of piezoresistive sensor is shown in 
Figure 13-16. This particular sensor can be used to sense 
absolute, gauge, or differential pressure. Units are avail- 
able that can be used to sense vacuum. Sensors of this 
type can be obtained to sense pressure ranges of 0-1, 
0-2, 0-5, 0-15, 0-30, and 0-(—15[vacuum]). The sen- 
sor contains an internal operational amplifier and can 
provide an output voltage proportional to the pressure. 
Typical supply voltage for this unit is 8 VDC. The regu- 
lated voltage output for this unit is 1-6 volts. Assume, for 
example, that the sensor is intended to sense a pressure 


Courtesy of Honeywell International Inc. 





Figure 13-16 Differential pressure sensor. 


range of 0-15 psi. At 0 psi the sensor would produce an 
output voltage of 1 volt. At 15 psi the sensor would pro- 
duce an output voltage of 6 volts. 

Sensors can also be obtained that have a ratiomet- 
ric output. The term ratiometric means that the out- 
put voltage will be proportional to the supply voltage. 
Assume that the supply voltage increases by 50 percent 
to 12 VDC. The output voltage would increase by 50 per- 
cent also. The sensor would now produce a voltage of 
1.5 volts at 0 psi and 9 volts at 15 psi. 

Other sensors can be obtained that produce a 
current output of 4 to 20 mA, instead of a regulated 
voltage output (Figure 13-17). One type of pressure to 
current sensor, which can be used to sense pressures as 
high as 250 psi, is shown in Figure 13-18. This sensor 





Figure 13—17 Pressure to current sensor for low pressures. 
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Courtesy of Honeywell International Inc. 





Courtesy of Honeywell International Inc. 


Figure 13-18 Pressure to current sensor for high pressure. 


can also be used as a set point detector to provide a nor- 
mally open or normally closed output. Sensors that pro- 
duce a proportional output current instead of voltage 
have fewer problems with induced noise from surround- 
ing magnetic fields, and with voltage drops due to long 
wire runs. 

A flow-through pressure sensor is shown in Figure 
13-19. This type of sensor can be placed in line with an 
existing system. In-line pressure sensors make it easy to 
add a pressure sensor to an existing system. 

Another device that is basically a pressure sensor 
is the force sensor (Figure 13—20). This sensor uses sili- 
con piezoresistive elements to determine the amount of 
pressure to the sensing element. 





& 


Figure 13-19 Flow-through pressure sensor. 


Courtesy of Honeywell International Inc. 
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Figure 13-20 Force sensor. 


Ii!/Review Questions 


1. What type of pressure switch is generally used to 
sense small changes in low pressure systems? 


2. Apressure switch is set to cut in at a pressure 
of 375 psi and cut out at 450 psi. What is the 
pressure differential for this switch? 


3. A pressure switch Is to be installed on a system with 
pressures that can range from 1500 psi to 1800 psi. 
What type of pressure switch should be used? 


4. A pressure switch is to be installed in a circuit 
that requires it to have three normally open 
contacts and one normally closed contact. 

The switch actually has one normally open con- 
tact. What must be done to permit this pressure 
switch to operate in this circuit? 


5. What is a piezoresistor? 


6. Refer to the circuit shown in Figure 13-7. If the 
pressure should become high enough for the 
pressure switch to close and stop the motor, Is it 
possible to restart the motor before the pressure 
drops to a safe level? 


7. Refer to the circuit shown in Figure 13-7, Assume 
that the motor is running and an overload occurs 
and causes the overload contact to open and 
disconnect coil M to stop the motor. What effect 
does the opening of the overload contact have on 
the pressure switch circuit? 
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Chapier 14 
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Float switches are used to control the action of a pump in accord with the level of 
a liquid in a tank or sump. The operation of the float switch is controlled by the up- 
ward or downward movement of a float in a tank of liquid. There are several styles 
of float switches. One employs the use of a rod with a float mounted on one end. Ad- 
justable stops on the rod determine the amount of movement that must take place 
before a set of contacts is opened or closed (Figure 14-1). 

Another common type of float switch is chain operated (Figure 14—2). A float 
is attached to one end of a chain and a counterweight is connected to the other. The 
float weighs more than the counterweight, which permits it to control the movement 
of the chain as the liquid level rises or falls. Some float switches contain large con- 
tacts that can be used to connect the motor directly to the line. The contacts may be 
normally open or normally closed depending on contact arrangement and may not 
be submerged. Float switches can be used to pump water from a tank or sump, or to 
fill a tank depending on the requirements of the circuit. 





Figure 14—1 Rod-operated float switch. 








Objectives 
After studying this chapter 
the student will be able to: 


>> Describe the operation of a 
float switch. 


>> Draw schematic symbols for 
float switches. 


>> Describe methods of sensing 
the level of a liquid. 
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SWITCH 






an COUNTERWEIGHT 


Figure 14-2 Chain-operated float switch with float switch 
symbols. 


fiiiMercury Bulb Float Switch 


Another float switch that has become increasingly popu- 
lar is the mercury bulb type of float switch. This type of 
float switch does not depend on a float rod or chain to 
operate. The mercury bulb switch appears to be a rubber 
bulb connected to a conductor. A set of mercury contacts 
is located inside the bulb. When the liquid level is below 
the position of the bulb, it is suspended in a vertical posi- 
tion (Figure 14-3A). When the liquid level rises to the 
position of the bulb, it changes to a horizontal position 
(Figure 14-3B). This change of position changes the 
state of the contacts in the mercury switch. 

Because the mercury bulb float switch does not 
have a differential setting as does the rod or chain type 
of float switch, it is necessary to use more than one 
mercury bulb float switch to control a pump motor. 
The differential level of the liquid is determined by sus- 
pending mercury bulb switches at different heights in 
the tank. Figure 14—4 illustrates the use of four mercury 
bulb type switches used to operate two pump motors 
and provide a high liquid level alarm. The control cir- 
cuit is shown in Figure 14-5. Float switch FS1 detects 
the lowest point of liquid level in the tank and is used to 
turn both pump motors off. Float switch FS2 starts the 





Figure A 
Position of float when the liquid level is below the float. 


Figure 14-3 Mercury bulb type float switch. 


Figure B 
Position of float when the liquid level reaches the float. 
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Figure 14—4 Float level is set by the length of the conductor. 


first pump when the liquid level reaches that height. If 
pump #1 is unable to control the level of the tank, float 
switch FS3 will start pump motor #2 if the liquid level 
should rise to that height. Float switch FS4 operates a 
warning light and buzzer to warn that the tank is about 
to overflow. A reset button can be used to turn off the 
buzzer, but the warning light remains on until the water 
level drops below the level of float switch FS4. 
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iiiiThe Bubbler System 


Another method often used to sense liquid level is the 
bubbler system. This method does not employ the use 
of float switches. The liquid level is sensed by pressure 
switches (Figure 14-6). A great advantage of this system 
is that the pressure switches are located outside the tank, 
which makes it unnecessary to open the tank to service 
the system. 

The bubbler system is connected to an air line, 
which is teed to a manifold and another line that extends 
down into the tank. A hand valve is used to adjust the 
maximum air flow. The bubbler system operates on the 
principle that as the liquid level increases in the tank, it 
requires more air pressure to blow air through the line 
in the tank. For example, consider a pipe with an inside 
area of | square inch (1 in’). Each inch in length would 
represent a volume of | cubic inch (1 in? X 1 in = 1 in’). 
A cubic inch of water weighs 0.0361 pounds. If a pipe 
with an inside area of | square inch were inside a tank of 
water 10 feet deep, the weight of the water inside the pipe 
would be 4.332 pounds. 


10 ft X 12 in’ per foot = 120 in’ 
120 in’ X 0.0361 = 4.332 lb 


It would require 4.332 pounds of air pressure to 
remove the water from inside the pipe. If the water 
inside the tank were to drop to a depth of 7 feet, it 
would require 3.032 pounds of air pressure to keep the 
pipe clear of water. 

The bubbler system can be employed to measure 
the depth of virtually any liquid. The pressure needed 
would depend on the weight of the liquid. Gasoline, 
for example, weighs an average of 6.073 pounds per 
gallon, #2 diesel fuel weighs an average of 7.15 pounds 
per gallon, and water weighs an average of 8.35 pounds 
per gallon. 

Because the pressure required to bubble air 
through the pipe is directly proportional to the height 
of the liquid, the pressure switches provide an accu- 
rate measure of the liquid level. The pressure switches 
shown in Figure 14-6 could be used to control the two 
pump circuit previously discussed by replacing the float 
switches with pressure switches in the circuit shown in 
Figure 14-5. 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidaéor oC hapterfs). 
Editorial review has decmed that any suppressed aonttent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 


182 ®@ Section 3 Sensing Devices 


L4 L2 L3 
1M 


1M 


1M 
2M 
2M 
2M 


= CONTROL TRANSFORMER 


OFF ON 


FS1 FS2 OL 
: +—@ 


1M 
FS3 OL 
(2) 
BUZZER 
OM 
FS4 
) 


WARNING LIGHT 





CR 


Figure 14—5 Two pump control with high liquid level warning. 
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Figure 14-6 Bubbler system for detecting liquid level. 


Microwave Level Gauge 


The microwave level gauge operates by emitting a 
high frequency signal of approximately 24 GHz into a 
tank and then measuring the frequency difference of 
the return signal that bounces off the product (Figure 
14-7). A great advantage of the microwave level gauge 
is that no mechanical object touches or is inserted into 
the product. The gauge is ideal for measuring the level of 
turbulent, aerated, solids-laden, viscous, corrosive fluids. 
It also works well with pastes and slurries. A cut-away 
view of a microwave level gauge is shown in Figure 14-8. 

The gauge shown in Figure 14—9 has a primary 
4-20 mA analog signal. The gauge can accept one RTD 
(resistance temperature detector) input signal. The gauge 
can be configured to display the level, calculated volume, 
or standard volume. A microwave level gauge with meter 
is shown in Figure 14-9. 
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Figure 14-7 Operation of the radar gauge. 





Figure 14-8 Cut-away view of a microwave level gauge. 
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Courtesy © 1988 Rosemount Inc., used by permission 
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ii/Review Questions 


1. When using a rod type float switch, how is the 
amount float movement required to open or close 
the contacts adjusted? 


2. What type of float switch does not have a 
differential setting? 


3. What is the advantage of the bubbler type 
system for sensing liquid level? 


4. Refer to the circuit in Figure 14-5. What is the 
purpose of control relay CR in this circuit? 


5. Assume that a pipe has an inside diameter of 
1 square inch. How much air pressure would be 
required to bubble air through 25 feet of water? 





Courtesy © 1988 Rosemount Inc., used by permission 





Figure 14-9 Microwave level gauge with meter. 
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Chapier 15 





Flow switches are used to detect the movement of air or liquid through a duct or 
pipe. Air flow switches are often called sail switches because the sensor mechanism 
resembles a sail (Figure 15—1). The air flow switch is constructed from a snap action 
micro switch. A metal arm is attached to the micro switch. A piece of thin metal or 
plastic is connected to the metal arm. The thin piece of metal or plastic has a large 
surface area and offers resistance to the flow of air. When a large amount of air flow 
passes across the sail, enough force is produced to cause the metal arm to operate the 
contacts of the switch. 

Air flow switches are often used in air conditioning and refrigeration cir- 
cuits to give a positive indication that the evaporator or condenser fan is operat- 
ing before the compressor is permitted to start. A circuit of this type is shown in 
Figure 15—2. When the thermostat contact closes, control relay CR energizes and 
closes all CR contacts. This energizes both the condenser fan motor (CFM) relay 





Courtesy of Honeywell Intemational, Inc. 


Figure 15-1 Air flow switch. 


Objectives 


After studying this chapter 
the student will be able to: 


>> Describe the operation of 
flow switches. 


>> Connect a flow switch ina 
circuit, 


>> Draw the NEMA symbols 
that represent a flow switch in 
a schematic diagram. 
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Figure 15-2 Air flow switches indicate a positive movement of air before the compressor can start. 


and the evaporator fan motor (EFM) relay. The com- 
pressor relay (COMP.) cannot start because of the two 
normally open air flow switches. If both the condenser 
fan and evaporator fan start, air movement causes both 
air flow switches to close and complete a circuit to the 
compressor relay. 

Notice in this circuit that a normally closed over- 
load contact is shown in series with the compressor 
contactor only. Also notice that a dashed line has been 
drawn around the condenser fan motor and overload 
symbol, and around the evaporator fan motor and over- 
load symbol. This indicates that the overload for these 


motors is located on the motor itself and is not part of 
the control circuit. 

Liquid flow switches are equipped with a paddle 
that inserts into the pipe (Figure 15—3). A flow switch 
can be installed by placing a tee in the line as shown in 
Figure 15-4. When liquid moves through the line, force 
is exerted against the paddle causing the contacts to 
change position. 

Regardless of the type of flow switch used, they gen- 
erally contain a single pole double throw micro switch 
(Figure 15-5). Flow switches are used to control low 
current loads, such as contactor or relay coils or pilot 
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Figure 15-3 Liquid flow switch. 





Figure 15—4 Flow switch installed in a tee. 





Courtesy of Flaw Network/Kobold Instruments 
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Figure 15-5 Connections of a single pole double throw micro 
switch. 


lights. A circuit that employs both the normally open 
and normally closed contact of a flow switch is shown 
in Figure 15—6. The circuit is designed to control the op- 
eration of an air compressor. A pressure switch controls 
the operation of the compressor. In this circuit, a nor- 
mally open push button is used as a reset button. The 
control relay must be energized before power can be sup- 
plied to the rest of the control circuit. When the pressure 
switch contact closes, power is supplied to the lube oil 
pump relay. The flow switch detects the flow of lubricat- 
ing oil before the compressor is permitted to start. Note 
that a red warning light indicates when there is no flow 
of oil. To connect the flow switch in this circuit, power 
from the control relay contact must be connected to the 
common terminal of the flow switch so that power can 
be supplied to both the normally open and normally 
closed contacts (Figure 15—7). The normally open sec- 
tion of the switch connects to the coil of the compressor 
contactor, and the normally closed section connects to 
the red pilot light. 

Regardless of whether a flow switch is intended to 
detect the movement of air or liquid, the NEMA symbol 
for both is the same. Standard NEMA symbols for flow 
switches are shown in Figure 15-8. 
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Figure 15-6 A red warning light indicates there is no oil flow. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party ventent may he suppressed from the eBook aidéor oChapterfs). 
Editorial review has decmed that any suppressed aanttnt dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 








TO POWER 


Figure 15-7 Connecting the flow switch. 
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Figure 15-8 NEMA standard flow switch symbols. 


ii/Review Questions 


1. What is the common name for an air flow switch? 


2. What type of switch is contained on most flow 
switches? 


3. Refer to the circuit shown in Figure 15-2. Why 
is there an overload contact symbol shown in 
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TO COMPRESSOR CONTACTOR 


TO WARNING LIGHT 


series with the compressor contactor but not 
the condenser fan contactor or evaporator fan 
contactor? 


4. Refer to the circuit shown in Figure 15-6. The 
STOP button is shown to be an emergency STOP 
button. What does the symbol used for the STOP 
button actually represent? 


5. Refer to the circuit shown in Figure 15-6. If an 
overload should occur on the compressor motor 
and the overload contact open, would it affect the 
operation of the lube oil pump? 


6. Refer to the circuit shown in Figure 15-6. If the 
circuit is in operation and an overload should 
occur on the lube oil pump and the overload 
contact open, would it affect the operation of 
the compressor? 


7. Refer to the circuit shown in Figure 15-6. The 
pressure switch is: 
a. normally open 
b. normally closed 
c. normally open held closed 
d. normally closed held open 
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Chapter 16 





Limit switches are used to detect when an object is present or absent from a 
particular location. They can be activated by the motion of a machine or by the 
presence or absence of a particular object. Limit switches contain some type 
of bumper arm that is impacted by an object. The type of bumper arm used is 
determined by the application of the limit switch. When the bumper arm is im- 
pacted, it causes the contacts to change position. Figure 16—1 illustrates the use 
of a limit switch used to detect the position of boxes on a conveyer line. This 
particular limit switch uses a long metal rod that is free to move in any direction 
when hit by an object. This type of bumper arm is generally called a wobble 
stick or wiggle stick. Limit switches with different types of bumper arms are 
shown in Figure 16-2. They vary in size and contact arrangement depending on 
the application. Some are constructed of heavy gauge metal and are intended to 
be struck by moving objects thousands of times. Others are small and designed 
to fit into constricted spaces. Some contain a single set of contacts and others 


BUMPER ARM 





Figure 16—1 Limit switch detects position of boxes on a 
conveyer line. 





Objectives 
After studying this chapter 
the student will be able to: 


>> Discuss the operation of a 
limit switch. 


>> Connect a limit switch in a 
circuit, 


>> Recognize limit switch 
symbols in a ladder diagram. 


>> Discuss the different types 
of limit switches. 
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Courtesy of Honeywell International Inc. 


Figure 16-2 Limit switches. OO ee, O 


Figure 16-4 NEMA standard symbols for limit switches. 


Generally, limit switches are used as pilot devices 
that control the coil of relays and motor starters in con- 
trol circuits. The standard NEMA symbols used to indi- 
cate limit switches are shown in Figure 16-4. The wedge 
drawn under the switch symbol represents the bumper 
arm of the switch. 


Mii!/Micro Limit Switches 


Another type of limit switch often used in different types 
of control circuits is the micro limit switch or micro 
switch. Micro switches are much smaller in size than 
the limit switches shown in Figure 16—2, which permits 
them to be used in small spaces that would never be ac- 
cessible to the larger devices. Another characteristic of 
the micro switch is that the actuating plunger requires 
only a small amount of travel to cause the contacts to 
change position. The micro switch shown in Figure 16—5 





i 
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Figure 16-3 Limit switch with cover removed to show multiple ; 
contacts. V/4A 250 Voc 


Sad 





contain multiple contacts as shown in Figure 16-3. 
Some limit switches are momentary contact (spring 
returned) and others are maintained contact. Figure 16-5 Micro limit switch. 
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has an activating plunger located at the top of the switch. 
This switch requires that the plunger be depressed 
approximately 0.015 inch or 0.38 mm. Switching the 
contact position with this small amount of movement is 
accomplished by spring loading the contacts as shown in 
Figure 16-6. A small amount of movement against the 
spring causes the movable contact to snap from one posi- 
tion to another. 





Figure 16-6 Spring-loaded contacts of a basic micro switch. 
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Electrical ratings for the contacts of the basic micro 
switch are generally in the range of 250 volts AC and 
10 to 15 amps depending on the type of switch. The basic 
micro switch can be obtained with a variety of different 
activating arms as shown in Figure 16—7. 


/i!/Subminiature Micro Switches 


The subminiature micro switch employs a similar spring 
contact arrangement as the basic micro switch (Figure 
16-8). The switch shown in Figure 16—8 contains a 
single normally open contact instead of a contact 
with a common terminal, a normally open contact 
terminal, and a normally closed contact terminal. The 
subminiature switches are approximately one-half to 
one-quarter the size of the basic switch, depending 
on the model. Due to their reduced size, the contact 
rating of subminiature switches ranges from about 
1 ampere to about 7 amperes depending on the switch 





Figure 16-7 Micro switches can be obtained with different types of activating arms. 
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Figure 16-8 Subminiature micro switches employ a similar set 
of spring-loaded contacts. 





Courtesy of Schneider Electric USA, Inc. 


Figure 16—9 Subminiature micro switch with both a normally 
open and a normally closed contact. 


LIMIT SWITCH LS1 sy 








Figure 16-10 Platform rises between floors. 


type. A subminiature micro switch containing both a 
normally open and a normally closed contact is shown 
in Figure 16~9. 


Dihi/Limit Switch Application 


Figure 16—10 illustrates a common use for limit switches. 
A platform is used to raise material from a bottom floor 
to an upper floor. A hydraulic cylinder is used to raise 
the platform. A limit switch located on the bottom floor 
detects when the platform is in that position, and a sec- 
ond limit switch on the upper floor detects when the 
platform has reached the upper floor. A hydraulic pump 
is used to raise the platform. When the platform is to 
travel from the upper floor to the lower floor, a solenoid 
valve opens and permits oil to return to a holding tank. 
It is not necessary to use the pump to lower the platform 
because the weight of the platform will return it to the 
lower floor. 

The schematic for this control circuit is shown in 
Figure 16-11. The schematic shows both limit switches 
to be normally closed. When the platform is at the ex- 
tent of travel in one direction, however, one of the limit 
switches will be open. If the platform is at the bottom 
floor, limit switch LS2 will be open. If the UP push but- 
ton is pressed, a circuit will be completed to M starter 
causing the motor to start raising the platform. The M 
normally closed contact will open to prevent CR from 


LIMIT SWITCH LS2 


PUMP 
TANK 
eee 
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Figure 16-11 Control circuit to raise and lower platform. 


being energized at the same time. When the platform 
begins to rise, limit switch LS2 will close. The platform 
continues upward until it reaches the top, causing limit 
switch LS1 to open. This de-energizes M contactor, caus- 
ing the motor to stop and the normally closed auxiliary 
contact in series with CR coil to reclose. 

When the DOWN push button is pressed, control 
relay CR energizes. The normally closed CR contact 
connected in series with M contactor opens to interlock 
the circuit, and the normally open CR contact connected 
in series with the solenoid coil closes. When the solenoid 
coil energizes, the platform starts downward, causing 
limit switch LSI to reclose. When the platform reaches 
the bottom floor, limit switch LS2 opens and de-ener- 
gizes coil CR. 
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Iiii/Review Questions 


1. What is the primary use of a limit switch? 
2. Why are the contacts of a micro switch spring loaded? 


3. Refer to the circuit shown in Figure 16-11. 
Assume that the platform is located on the 
bottom floor. When the UP push button is 
pressed the pump motor does not start. Which 
of the following could not cause this problem? 
a. The contacts of limit switch LS1 are open. 

b. The contacts of limit switch LS2 are open. 
c. Motor starter coil M is open. 
d. The overload contact is open. 
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4. Refer to the circuit shown in Figure 16-11. 5. Refer to the circuit shown in Figure 16-11. 
Assume that the platform is located on the lower Assume that the platform is located at the upper 
floor. When the UP push button is pressed, the floor. When the DOWN push button is pressed, 
platform rises. When the platform reaches the the platform does not begin to lower. Which of 
upper floor, however, the pump does not turn off the following could not cause the problem? 
but continues to run until the overload relay opens a. Control relay coil CR is open. 
the overload contacts. Which of the following b. Limit switch LS1 contacts are open. 
could cause this problem? c. Limit switch LS2 contacts are open. 

a. The solenoid valve opened when limit switch d. The solenoid coil is open. 
LS1 opened. 


b. The UP push button is shorted. 

c. Limit switch LS1 did not open its contacts. 

d. Limit switch LS2 contacts did not reclose when 
the platform began to rise. 
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Chapter 17 





There are many times when the ability to sense temperature is of great importance. 
The industrial electrician will encounter some devices designed to change a set of 
contacts with a change of temperature and other devices used to sense the amount 
of temperature. The method used depends a great deal on the applications of the 
circuit and the amount of temperature that must be sensed. 


Mii/Expansion of Metal 


A very common and reliable method for sensing temperature is by the expansion 
of metal. It has long been known that metal expands when heated. The amount of 
expansion is proportional to two factors: 


1. The type of metal used. 
2. The amount of temperature. 


Consider the metal bar shown in Figure 17—1. When the bar is heated, its length 
expands. When the metal is permitted to cool, it will contract. Although the amount 
of movement due to contractions and expansion is small, a simple mechanical prin- 
ciple can be used to increase the amount of movement (Figure 17-2). 


Figure 17—1 Metal expands when heated. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Describe different methods 
for sensing temperature. 


>> Discuss different devices 
intended to be operated by a 
change of temperature. 


>> List several applications for 
temperature sensing devices. 


>> Read and draw the NEMA 
symbols for temperature 
switches. 
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The metal bar is mechanically held at one end. This 
permits the amount of expansion to be in one direction 
only. When the metal is heated and the bar expands, it 
pushes against the mechanical arm. A small movement 
of the bar causes a great amount of movement in the me- 
chanical arm. This increased movement in the arm can 
be used to indicate the temperature of the bar by attach- 
ing a pointer and scale, or to operate a switch as shown. 
It should be understood that illustrations are used to 
convey a principle. In actual practice, the switch shown 
in Figure 17—2 would be spring loaded to provide a snap 
action for the contacts. Electrical contacts must never be 
permitted to open or close slowly. This produces poor 
contact pressure and will cause the contacts to burn or 
will cause erratic operation of the equipment they are in- 
tended to control. 


Hot-Wire Starting Relay 


A very common device that uses the principle of ex- 
panding metal to operate a set of contacts is the hot-wire 
starting relay found in the refrigeration industry. The 
hot-wire relay is so named because it uses a length of re- 
sistive wire connected in series with the motor to sense 
motor current. A diagram of this type of relay is shown 
in Figure 17-3. 

When the thermostat contact closes, current can 
flow from line L1 to terminal L of the relay. Current 
then flows through the resistive wire, the movable arm, 
and the normally closed contacts to the run and start 
windings. When current flows through the resistive wire, 


its temperature increases. This increase of temperature 
causes the wire to expand in length. When the length 
increases, the movable arm is forced downward. This 
downward pressure produces tension on the springs of 
both contacts. The relay is so designed that the start 
contact will snap open first, disconnecting the motor 
start winding from the circuit. If the motor current is 
not excessive, the wire will never become hot enough to 
cause the overload contact to open. If the motor current 
should become too great, however, the temperature of 
the resistive wire will become high enough to cause the 
wire to expand to the point that it will cause the over- 
load contact to snap open and disconnect the motor run 
winding from the circuit. 


The Mercury Thermometer 


Another very useful device that works on the principle 
of contraction and expansion of metal is the mercury 
thermometer. Mercury is a metal that remains in a liquid 
state at room temperature. If the mercury is confined in a 
glass tube as shown in Figure 17-4, it rises up the tube as 
it expands due to an increase in temperature. If the tube 
is calibrated correctly, it provides an accurate measure- 
ment for temperature. 


The Bimetal Strip 


The bimetal strip is another device that operates by 
the expansion of metal. It is probably the most com- 
mon heat sensing device used in the production of 





Figure 17-2 Expanding metal operates a set of contacts. 
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Figure 17-3 Hot-wire relay connection. 





Figure 17-4 A mercury thermometer operates by the 
expansion of metal. 
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Figure 17-5 A bimetal strip. 


room thermostats and thermometers. The bimetal 
strip is made by bonding two dissimilar types of metal 
together (Figure 17—5). Because these two metals are 
not alike, they have different expansion rates. This dif- 
ference causes the strip to bend or warp when heated 
(Figure 17-6). A bimetal strip is often formed into a 
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Figure 17-6 A bimetal strip warps with a change of temperature. 


spiral shape as shown in Figure 17-7. The spiral per- 
mits a longer bimetal strip to be used in a small space. 
A long bimetal strip is desirable because it exhib- 
its a greater amount of movement with a change of 
temperature. 

If one end of the strip is mechanically held and a 
pointer is attached to the center of the spiral, a change 
in temperature will cause the pointer to rotate. If a 
calibrated scale is placed behind the pointer, it be- 
comes a thermometer. If the center of the spiral is held 





Figure 17-7 A bimetal strip used as a thermometer. 





PERMANENT 
MAGNET 


Figure 17-8 A bimetal strip used to operate a set of contacts. 


in position and a contact is attached to the end of the 
bimetal strip, it becomes a thermostat. A small perma- 
nent magnet is used to provide a snap action for the con- 
tacts (Figure 17-8). When the moving contact reaches a 
point that is close to the stationary contact, the magnet 
attracts the metal strip and causes a sudden closing of 
the contacts. When the bimetal strip cools, it pulls away 
from the magnet. When the force of the bimetal strip 
becomes strong enough, it overcomes the force of the 
magnet and the contacts snap open. 


Thermocouples 


In 1822, a German scientist named Seebeck discov- 
ered that when two dissimilar metals are joined at one 
end, and that junction is heated, a voltage is produced 
(Figure 17-9). This is known as the Seebeck effect. The 
device produced by the joining of two dissimilar met- 
als for the purpose of producing electricity with heat is 
called a thermocouple. The amount of voltage produced 
by a thermocouple is determined by: 


1. The type of materials used to produce the thermocouple. 
2. The temperature difference of the two junctions. 


The chart in Figure 17-10 shows common types 
of thermocouples. The different metals used in the 
construction of thermocouples as well as their normal 
temperature ranges are shown. 
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Figure 17-9 Thermocouple. 


The amount of voltage produced by a thermocou- 
ple is small, generally in the order of millivolts (1 milli- 
volt = 0.001 volt). The polarity of the voltage of some 
thermocouples is determined by the temperature. For 
example, a type “J” thermocouple produces 0 volts at 
about 32°F, At temperatures above 32°F, the iron wire is 
positive and the constantan wire is negative. At tempera- 
tures below 32°F, the iron wire becomes negative and the 
constantan wire becomes positive. At a temperature of 
+300°F, a type “J” thermocouple will produce a voltage 
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Figure 17-11 Thermopile. 


of about +7.9 millivolts. At a temperature of —300°F, it 
will produce a voltage of about —7.9 millivolts. 

Because thermocouples produce such low volt- 
ages, they are often connected in series as shown in 
Figure 17-11. This connection is referred to as a thermo- 
pile. Thermocouples and thermopiles are generally used 


|TyPE | Ss MATERIAL, ~————s|_—SCéDEGREESF =| DEGREESC 

J CONSTANTAN —328 to +32 —200 to 0 
+32 to +1432 0 to +778 
CHROMEL ALUMEL -328 to +32 -200 to 0 

+32 to +2472 0 to +1356 
COPPER CONSTANTAN -328 to +32 -200 to 0 
+32 to +752 0 to +400 
CHROMEL CONSTANTAN -328 to +32 -200 to 0 

+32 to +1832 0 to +1000 


Dae PLATINUM +32 to +3232 0 to +1778 
RHODIUM 


PLATINUM 
30% 
RHODIUM 


PLATINUM 
6% 
RHODIUM 


Figure 17-10 Thermocouple chart. 
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Figure 17-12 A thermocouple provides power to the safety cut-off valve. 


for making temperature measurements and are some- 
times used to detect the presence of a pilot light in ap- 
pliances that operate with natural gas. The thermocouple 
is heated by the pilot light. The current produced by the 
thermocouple is used to produce a magnetic field that 
holds a gas valve open and permits gas to flow to the 
main burner. If the pilot light should go out, the ther- 
mocouple ceases to produce current and the valve closes 
(Figure 17-12). 


iii/Resistance Temperature 
Detectors 


The resistance temperature detector (RTD) is made 
of platinum wire. The resistance of platinum changes 
greatly with temperature. When platinum is heated, its 
resistance increases at a very predictable rate; this makes 
the RTD an ideal device for measuring temperature very 
accurately. RTDs are used to measure temperatures that 
range from —328 to +1166 degrees Fahrenheit (—200° 
to +630 °C). RTDs are made in different styles to per- 
form different functions. Figure 17—13 illustrates a typi- 
cal RTD used as a probe. A very small coil of platinum 
wire is encased inside a copper tip. Copper is used to pro- 
vide good thermal contact. This permits the probe to be 
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Figure 17-13 Resistance temperature detector. 


very fast-acting. The chart in Figure 17—14 shows resis- 
tance versus temperature for a typical RTD probe. The 
temperature is given in degrees Celsius and the resistance 
is given in ohms. RTDs in several different case styles are 
shown in Figure 17-15. 


Thermistors 


The term thermistor is derived from the words “ther- 
mal resistor.” Thermistors are actually thermally sensi- 
tive semiconductor devices. There are two basic types 
of thermistors: one type has a negative temperature 
coefficient (NTC) and the other has a positive tempera- 
ture coefficient (PTC). A thermistor that has a negative 
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Figure 17-14 Temperature and resistance for a typical RTD. 





Figure 17-15 RTDs in different case styles. 


temperature coefficient will decrease its resistance as 
the temperature increases. A thermistor that has a pos- 
itive temperature coefficient will increase its resistance 
as the temperature increases. The NTC thermistor is 
the most widely used. 

Thermistors are highly nonlinear devices. For this 
reason they are difficult to use for measuring tempera- 
ture. Devices that measure temperature with a thermistor 
must be calibrated for the particular type of thermistor 
being used. If the thermistor is ever replaced, it has to be 
an exact replacement or the circuit will no longer oper- 
ate correctly. Because of their nonlinear characteristics, 
thermistors are often used as set point detectors as op- 
posed to actual temperature measurement. A set point 
detector is a device that activates some process or circuit 
when the temperature reaches a certain level. For exam- 
ple, assume a thermistor has been placed inside the stator 
winding of a motor. If the motor should become over- 
heated, the windings could become severely damaged or 
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destroyed. The thermistor can be used to detect the tem- 
perature of the windings. When the temperature reaches 
a certain point, the resistance value of the thermistor 
changes enough to cause the starter coil to drop out and 
disconnect the motor from the line. Thermistors can be 
operated in temperatures that range from about — 100° 
to +300°F. 

One common use for thermistors is in the solid-state 
starting relays used with small refrigeration compressors 
(Figure 17-16). Starting relays are used with hermeti- 
cally sealed motors to disconnect the start windings from 
the circuit when the motor reaches about 75 percent of 
its full speed. Thermistors can be used for this applica- 
tion because they exhibit an extremely rapid change of 
resistance with a change of temperature. A schematic 
diagram showing the connection for a solid-state relay is 
shown in Figure 17-17. 

When power is first applied to the circuit, the therm- 
istor is cool and has a relatively low resistance. This 
permits current to flow through both the start and run 
windings of the motor. The temperature of the thermis- 
tor increases because of the current flowing through it. 
The increase of temperature causes the resistance to 
change from a very low value of 3 or 4 ohms to several 
thousand ohms. This increase of resistance is very sud- 
den and has the effect of opening a set of contacts con- 
nected in series with the start winding. Although the start 
winding is never completely disconnected from the power 
line, the amount of current flow through it is very small, 
typically 0.03 to 0.05 amps, and does not affect the opera- 
tion of the motor. This small amount of /eakage current 
maintains the temperature of the thermistor and prevents 
it from returning to a low resistance. After power has 
been disconnected from the motor, a cool-down period of 
about 2 minutes should be allowed before restarting the 
motor. This cool-down period is needed for the thermis- 
tor to return to a low value of resistance. 





Figure 17-16 Solid-state starting relay. 
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Figure 17-17 Connection of solid-state starting relay. 


The PN Junction 


Another device that has the ability to measure tempera- 
ture is the PN junction or diode. The diode is becoming 
a very popular device for measuring temperature because 
it is accurate and linear. 

When a silicon diode is used as a temperature sen- 
sor, a constant current is passed through the diode. 
Figure 17-18 illustrates this type of circuit. In this cir- 
cuit, resistor R1 limits the current flow through the tran- 
sistor and sensor diode. The value of R1 also determines 
the amount of current that flows through the diode. 
Diode D1 is a 5.1 volt zener used to produce a constant 
voltage drop between the base and emitter of the PNP 
transistor. Resistor R2 limits the amount of current flow 
through the zener diode and the base of the transistor. 
D1 is a common silicon diode. It is being used as the 
temperature sensor for the circuit. If a digital voltme- 
ter is connected across the diode, a voltage drop between 
0.8 and 0 volts can be seen. The amount of voltage drop 
is determined by the temperature of the diode. 

Another circuit that can be used as a constant cur- 
rent generator is shown in Figure 17-19. In this circuit, a 
field effect transistor (FET) is used to produce a current 
generator. Resistor R1 determines the amount of current 
that will flow through the diode. Diode D1 is the tem- 
perature sensor. 

If the diode is subjected to a lower temperature, say, 
by touching it with a piece of ice, the voltage drop across 
the diode increases. If the diode temperature is increased, 
the voltage drop decreases because the diode has a nega- 
tive temperature coefficient. As its temperature increases, 
its voltage drop becomes less. 

In Figure 17—20, two diodes connected in a series are 
used to construct an electronic thermostat. Two diodes 
are used to increase the amount of voltage drop as the 
temperature changes. A field effect transistor and resistor 
are used to provide a constant current to the two diodes 
used as the heat sensor. An operational amplifier is used 


120 VAC 






DIGITAL 
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Figure 17-18 Constant current generator. 


FET 


R1 


D1 


Figure 17-19 Field effect transistor used to produce a 
constant current generator. 
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Figure 17-20 Solid-state thermostat using diodes as heat sensors. 


to turn a solid-state relay on or off as the temperature 
changes. In the example shown, the circuit operates as a 
heating thermostat. The output of the amplifier turns on 
when the temperature decreases sufficiently. The circuit 
can be converted to a cooling thermostat by reversing the 
connections of the inverting and noninverting inputs of 
the amplifier. 


ii/Expansion Due to Pressure 


Another common method of sensing a change of tem- 
perature is by the increase of pressure of some chemi- 
cals. Refrigerants confined in a sealed container, for 
example, will increase the pressure in the container 
with an increase of temperature. If a simple bellows 
is connected to a line containing refrigerant (Figure 
17-21), the bellows will expand as the pressure inside 
the sealed system increases. When the surrounding 
air temperature decreases, the pressure inside the sys- 
tem decreases and the bellows contracts. When the air 
temperature increases, the pressure increases and the 
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Figure 17-21 Bellows contracts and expands with a change of 
refrigerant pressure. 


bellows expands. If the bellows controls a set of con- 
tacts, it becomes a bellows type thermostat. A bellows 
thermostat and the standard NEMA symbols used to 
represent a temperature operated switch are shown in 
Figure 17-22. 
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3. How Is a bimetal strip made? 


4. Why are bimetal strips often formed into a spiral 
shape? 


5. Why should electrical contacts never be permitted 
to open or close slowly? 


6. What two factors determine the amount of 
voltage produced by a thermocouple? 


7. What is a thermopile? 

8. What do the letters RTD stand for? 

9. What type of wire is used to make an RTD? 
10. What material is a thermistor made of? 


11. Why is it difficult to measure temperature with a 
thermistor? 


12. If the temperature of a NTC thermistor increases, 
will its resistance increase or decrease? 


13. How can a silicon diode be made to measure 
temperature? 





Figure 17-22 Industrial temperature switch. 14. Assume that a silicon diode is being used as 
a temperature detector. If its temperature 
increases, will its voltage drop increase or 


/ ‘ decrease? 
Di Review Questions 15. What type of chemical is used to cause a 
1. Should a metal bar be heated or cooled to make it pressure change in a bellows type thermostat? 
expand? 


2. What type of metal remains in a liquid state at 
room temperature? 
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ii/Principles of Operation 


The Hall effect is a simple principle that is widely used in industry today. The 
Hall effect was discovered by Edward H. Hall at Johns Hopkins University in 
1879. Hall originally used a piece of pure gold to produce the Hall effect, but 
today a piece of semiconductor material is used because semiconductor material 
works better and is less expensive to use. The device is often referred to as the 
Hall generator. 

Figure 18—1 illustrates how the Hall effect is produced. A constant current 
power supply is connected to opposite sides of a piece of semiconductor material. A 
sensitive voltmeter is connected to the other two sides. If the current flows straight 
through the semiconductor material, no voltage is produced across the voltmeter 
connection. 


HALL 
GENERATOR 





CONSTANT 
CURRENT 
SOURCE 


Figure 18-1 Constant current flows through a piece of 
semiconductor material. 





Objectives 

After studying this chapter 
the student will be able to: 
>> Describe the Hall effect. 


>> Discuss the principles of 
operation of a Hall generator. 


>> Discuss applications in 
which Hall generators can be 
used. 
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CONSTANT 
CURRENT 
SOURCE 


Figure 18-2 A magnetic field deflects the path of current flow 


through the semiconductor. 


Figure 18—2 shows the effect of bringing a magnetic 
field near the semiconductor material. The magnetic 
field causes the current flow path to be deflected to one 
side of the material. This causes a potential or voltage 
to be produced across the opposite sides of the semicon- 
ductor material. 

If the polarity of the magnetic field is reversed, the 
current path is deflected in the opposite direction as 
shown in Figure 18—3. This causes the polarity of the 
voltage produced by the Hall generator to change. Two 
factors determine the polarity of the voltage produced 
by the Hall generator: 


1. The direction of current flow through the semicon- 
ductor material. 


2. The polarity of the magnetic field used to deflect the 
current. 


The amount of voltage produced by the Hall generator is 
determined by: 


1. The amount of current flowing through the semi- 
conductor material. 


2. The strength of the magnetic field used to deflect the 
current path. 


The Hall generator has many advantages over other 
types of sensors. Because it is a solid-state device, it 
has no moving parts or contacts to wear out. It is not 





CONSTANT 
CURRENT 
SOURCE 


Figure 18-3 The current path is deflected in the opposite 
direction. 


affected by dirt, oil, or vibration. The Hall generator is 
an integrated circuit that is mounted in many different 
types and styles of cases. 


Iii/Hall Generator Applications 
Motor Speed Sensor 


The Hall generator can be used to measure the speed of 
a rotating device. If a disk with magnetic poles around 
its circumference is attached to a rotating shaft, and a 
Hall sensor is mounted near the disk, a voltage will be 
produced when the shaft turns. Because the disk has 
alternate magnetic polarities around its circumference, 
the sensor will produce an AC voltage. Figure 18-4 shows 
a Hall generator used in this manner. Figure 18—5 shows 
the AC waveform produced by the rotating disk. The fre- 
quency of the AC voltage is proportional to the number 
of magnetic poles on the disk and the speed of rotation. 
Another method for sensing speed is to use a reluc- 
tor. A reluctor is a ferrous metal disk used to shunt a 
magnetic field away from some other object. This type 
of sensor uses a notched metal disk attached to a rotat- 
ing shaft. The disk separates a Hall sensor and a perma- 
nent magnet (Figure 18—6). When the notch is between 
the sensor and the magnet, a voltage is produced by the 
Hall generator. When the solid metal part of the disk 
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is between the sensor and magnet, the magnetic field is 
shunted away from the sensor. This causes a significant 
drop in the voltage produced by the Hall generator. 

Because the polarity of the magnetic field does not 
change, the voltage produced by the Hall generator is 
pulsating direct current instead of alternating current. 
Figure 18—7 shows the DC pulses produced by the gen- 
erator. The number of pulses produced per second is pro- 
portional to the number of notches on the reluctor and 
the speed of the rotating shaft. 





aoe skip SENSOR Position Sensor 


The Hall generator can be used in a manner similar to a 
limit switch. If the sensor is mounted beside a piece of 
moving equipment, and a permanent magnet is attached 
to the moving equipment, a voltage will be produced 
when the magnet moves near the sensor (Figure 18-8). 


Figure 18-4 An AC voltage is produced by the rotating magnetic 
disk. 


Figure 18-5 AC waveform produced by Hall effect device. 


Figure 18-7 Square wave pulses produced by the Hall generator. 






HALL 


SENSOR DIRECTION 


OF TRAVEL 


a 





B RELUCTOR 
PERMANENT [=~ 
MAGNET PERMANENT 
MAGNET 
HALL 
SENSOR 

FS Figure 18-8 Hall generator used to sense position of 
Figure 18-6 Reluctor shunts magnetic field away from sensor. moving device. 
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The advantages of the Hall sensor are that it has no lever 
arm or contacts to wear like a common limit switch, 
and it can operate through millions of operations of the 
machine. 

A Hall effect position sensor is shown in Figure 18~9. 
Notice that these type sensors vary in size and style to 
fit almost any application. Position sensors operate as a 
digital device in that they sense the presence or absence of 
magnetic field. They do not have the ability to sense the 
intensity of the field. 


Hall Effect Limit Switches 


Another Hall effect device used in a very similar applica- 
tion is the Hall effect limit switch (Figure 18-10). This 
limit switch uses a Hall generator instead of a set of 





Figure 18-9 Hall effect position sensors. 





Courtesy of Honeywell International Inc. 


Figure 18-10 Hall effect limit switch. 


Courtesy Turck, Inc. 


contacts. A magnetic plunger is mechanically activated 
by the small button. Different types of levers can be fit- 
ted to the switch, which permits it to be used for many 
applications. These switches are generally intended to be 
operated by a 5-volt DC supply for TTL logic applica- 
tions, or by a 6- to 24-volt DC supply for interface with 
other types of electronic controls or to provide input for 
programmable controllers. 


Current Sensor 


Since the current source for the Hall generator is pro- 
vided by a separate power supply, the magnetic field does 
not have to be moving or changing to produce an output 
voltage. If a Hall sensor is mounted near a coil of wire, 
a voltage will be produced by the generator when cur- 
rent flows through the wire. Figure 18—11 shows a Hall 
sensor used to detect when a DC current flows through 
a circuit. A Hall effect sensor is shown in Figure 18—12. 
The Hall generator is being used more and more 
in industrial applications. Because the signal rise 
and fall time of the Hall generator is generally less than 


HALL 
SENSOR 





Figure 18-11 Hall sensor detects when DC current flows through 
the circuit. 





Figure 18-12 Hall effect sensor. 
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Figure 18-13 Hall effect linear transducer. 


10 microseconds, it can operate at pulse rates as high as 
100,000 pulses per second. This makes it especially useful 
in industry. 


Linear Transducers 


Linear transducers are designed to produce an output 
voltage that is proportional to the strength of a mag- 
netic field. Input voltage is typically 8 to 16 volts, but 
the amount of output voltage is determined by the type 
of transducer used. Hall effect linear transducers can be 
obtained that have two types of outputs. One type has 
a regulated output and produces voltages of 1.5 to 4.5 
volts. The other type has a ratiometric output and pro- 
duces an output voltage that is 25 percent to 75 percent 
of the input voltage. A Hall effect linear transducer is 
shown in Figure 18—13. 

Another common device that generally employs the 
use of a Hall Effect sensor is the clamp-type ammeter that 
can measure both AC and DC currents, Figure 18—14. 

Most clamp-type ammeters depend on the 
continuous change of a magnetic field caused by alter- 
nating current to induce a voltage into a transformer. The 
meter determines the current by the amount of induced 
voltage. The amount of induced voltage is proportional 
to the strength of the magnetic field caused by the cur- 
rent flowing through the conductor. Because direct cur- 
rent does not cause a continuous change in the magnetic 
field, most clamp on type meters cannot measure DC 
current. The Hall effect sensor, however, does not depend 
on the movement of a magnetic field. The current value 
is determined by the strength of the magnetic field only. 


Courtesy of Honeywell International Inc. 
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EXTECH 





Figure 18-14 Clamp-type ammeters that can measure both AC 
and DC currents generally employ the use of a Hall effect sensor. 


li/Review Questions 


1. What material was used to make the first Hall 
generator? 


2. What two factors determine the polarity of the 
output voltage produced by the Hall generator? 


3. What two factors determine the amount of 
voltage produced by the Hall generator? 


4. What is a reluctor? 


5, Why does a magnetic field not have to be moving 
or changing to produce an output voltage in the 
Hall generator? 
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Chapter 19 





Hii Applications 


Proximity detectors are used to sense the presence of an object without physically 
touching it. This prevents wear on the detector and gives it the ability to sense red 
hot metals. Proximity detectors operate on different principles. Some are metal de- 
tectors that sense ferrous metals only and others can sense all types of metals. Other 
proximity detectors sense objects by a change of capacitance. Some proximity detec- 
tors employ sound waves and can be used to detect the distance to an object or to 
determine the position of an object. 


ii!/Metal Detectors 


There are several methods of constructing a proximity detector that is intended 
to detect the presence of metal. One method is shown in Figure 19-1. This is a 
very simple circuit intended to illustrate the principle of operation for a metal 
detector. The sensor coil is connected through a series resistor to an oscillator. An 
oscillator is a device used to generate alternating current at a desired frequency. 
A voltage detector, in this illustration a voltmeter, is connected across the resistor. 
Because AC voltage is applied to this circuit, the amount of current flow is deter- 
mined by the resistance of the resistor and the inductive reactance of the coil. The 
voltage drop across the resistor is proportional to its resistance and the amount of 
current flow. 


SENSOR COIL 


Figure 19—1 Simple proximity detector. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Describe the operation of 
proximity detectors. 


>> Discuss the difference 
between proximity detectors 
that can sense ferrous metal 
and detectors that can sense 
all types of metal. 


>> Discuss different types of 
proximity detectors. 


~) (\) OSCILLATOR 
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If ferrous metal is placed near the sensor coil, its 
inductance increases in value. This causes an increase 
in inductive reactance and a decrease in the amount of 
current flow through the circuit. When the current flow 
through the resistor is decreased, the voltage drop across 
the resistor decreases also (Figure 19-2). The drop in volt- 
age can be used to turn relays or other devices on or off. 

This method of detecting metal does not work well 
for all conditions. Another method that is more sensitive 
to small amounts of metal is shown in Figure 19-3. This 
detector uses a tank circuit tuned to the frequency of the 
oscillator. The sensor head contains two coils instead of 
one. This type of sensor is a small transformer. When the 
tank circuit is tuned to the frequency of the oscillator, 
current flow around the tank loop is high. This causes a 
high voltage to be induced into the secondary coil of the 
sensor head. 

When ferrous metal is placed near the sensor as 
shown in Figure 19-4, the inductance of the coil increases. 


TARGET 
METAL 


© 


When the inductance of the coil changes, the tank circuit 
no longer resonates to the frequency of the oscillator. 
This causes the current flow around the loop to decrease 
significantly. The decrease of current flow through the 
sensor coil causes the secondary voltage to drop also. 
Notice that both types of circuits depend on a fer- 
rous metal to change the inductance of a coil. If a de- 
tector is to be used to detect nonferrous metals, some 
means other than changing the inductance of the coil 
must be used. An all-metal detector uses a tank circuit 
as shown in Figure 19—S. All-metal detectors operate at 
radio frequencies, and the balance of the tank circuit is 
used to keep the oscillator running. If the tank circuit be- 
comes unbalanced, the oscillator stops operating. When 
a nonferrous metal, such as aluminum, copper, or brass, 
is placed near the sensor coil, eddy currents are induced 
into the surface of the metal. The induction of eddy cur- 
rents into the metal causes the tank circuit to become un- 
balanced and the oscillator to stop operating. When the 


\) OSCILLATOR 


Figure 19-2 The presence of metal causes a decrease of voltage across the register. 


SENSOR COIL 


Figure 19-3 Tuned tank circuit used to detect metal. 


(\) OSCILLATOR 
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Figure 19-4 The presence of metal detunes the tank circuit. 


SENSOR COIL 
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WY) OSCILLATOR 


OSCILLATOR 


Figure 19-5 Balance of the tank circuit permits the oscillator to operate. 


oscillator stops operating, some other part of the circuit 
signals an output to turn on or off. 

Proximity detectors used to sense all types of metals 
will sense ferrous metals better than nonferrous. A fer- 
rous metal can be sensed at about three times the dis- 
tance of a nonferrous metal. 


ii/Mounting 


Some proximity detectors are made as a single unit. Other 
detectors use a control unit that can be installed in a 
relay cabinet and a sensor that is mounted at a remote 
location. Figure 19-6 shows different types of proximity 
detectors. Regardless of the type of detector used, care 
and forethought should be used when mounting the sen- 
sor. The sensor must be near enough to the target metal 


to provide a strong positive signal, but it should not be 
so near that there is a possibility of the sensor being hit 
by the metal object. One advantage of the proximity 
detector is that no physical contact is necessary between 
the detector and the metal object for the detector to sense 
the object. 

Sensors should be mounted as far away from other 
metals as possible. This is especially true for sensors used 
with units designed to detect all types of metals. In some 
cases it may be necessary to mount the sensor unit on a 
nonmetal surface such as wood or plastic. If proximity 
detectors are to be used in areas that contain metal shav- 
ings or metal dust, an effort should be made to place the 
sensor in a position that will prevent the shavings or dust 
from collecting around it. In some installations it may be 
necessary to periodically clean the metal shavings or dust 
away from the sensor. 
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Figure 19-6 Proximity detectors. 


Iii|Capacitive Proximity Detectors 


Although proximity detectors are generally considered 
to be metal detectors, other types of detectors sense the 
presence of objects that do not contain metal of any 
kind. One type of these detectors operates on a change 
of capacitance. When an object is brought into the prox- 
imity of one of these detectors, a change of capacitance 
causes the detector to activate. Several different types of 
capacitive proximity detectors are shown in Figure 19-7. 

Because capacitive proximity detectors do not de- 
pend on metal to operate, they will sense virtually any 
material such as wood, glass, concrete, plastic, and 
sheet rock. They can even be used to sense liquid levels 
through a sight glass. One disadvantage of capacitive 
proximity detectors is that they have a very limited 
range. Most cannot sense objects over approximately 
1 inch or 25 millimeters away. Many capacitive proxim- 
ity detectors are being used to replace mechanical limit 
switches because they do not have to make contact 
with an object to sense its position. Most can be oper- 
ated with a wide range of voltages such as 2-250 VAC, 
or 20-320 VDC. 


Courtesy Turck, Inc. 





Figure 19-7 Capacitive proximity detectors. 


M/U\trasonic Proximity Detectors 


Another type of proximity detector that does not depend 
on the presence of metal for operation is the u/trasonic 
detector. Ultrasonic detectors operate by emitting a 
pulse of high frequency sound and then detecting the 
echo when it bounces off an object (Figure 19-8). These 
detectors can be used to determine the distance to the ob- 
ject by measuring the time interval between the emission 
of the pulse and the return of the echo. Many ultrasonic 
sensors have an analog output of voltage or current, the 
value of which is determined by the distance to the ob- 
ject. This feature permits them to be used in applications 
where it is necessary to sense the position of an object 
(Figure 19-9). An ultrasonic proximity detector is shown 
in Figure 19-10. 
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¢ THE DETECTOR EMITS 
A PULSE OF HIGH 
FREQUENCY SOUND 
WAVES 


THE ECHO IS DETECTED 
WHEN IT BOUNCES OFF 
AN OBJECT 





Figure 19-8 Ultrasonic proximity detectors operate by emitting high frequency sound waves. 





Courtesy Turck, Inc. 


Figure 19-9 Ultrasonic proximity detectors used as 
position sensors. Figure 19-10 Ultrasonic proximity detector. 
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Uili/Review Questions 5. What type of electric circuit is used to increase 
the sensitivity of a metal detecting proximity 
1. What is the function of a proximity detector? detector? 
2. What is the basic principle of operation used with 6. Name two types of proximity detectors used to 
proximity detectors designed to detect ferrous detect objects that are not made of metal. 
type metals only? 7. What is the maximum range at which most 


3. What is an oscillator? Capacitive proximity detectors can be used to 


; ; ne sense an object? 
4. What is the basic operating principle of operation 


used with proximity detectors designed to detect 8. How is it possible for an ultrasonic proximity 
all types of metal? detector to measure the distance to an object? 
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Objectives 
. " After studying this chapter 
Hi Ap pl ications the student will be able to: 
Photodetectors are widely used in today’s industry. They can be used to sense the >> List different devices used 
presence or absence of almost any object. Photodetectors do not have to make physi- as light sensors. 


cal contact with the object they are sensing, so there is no mechanical arm to wear 
out. Many photodetectors can operate at speeds that cannot be tolerated by me- 
chanical contact switches. They are used in almost every type of industry, and their 
uses are increasing steadily. >> Describe different methods 
of installing photodetectors. 


>> Discuss the advantages of 
photo-operated controls. 


biiiTypes of Detectors 


Photo-operated devices fall into one of three categories: photovoltaic, photoemis- 
sive, and photoconductive. 


Photovoltaic 


Photovoltaic devices are more often called solar cells. They are made of silicon and 
have the ability to produce a voltage in the presence of light. The amount of voltage 
produced by a cell is determined by the material it is made of. When silicon is used, 
the solar cell produces 0.5 volts in the presence of direct sunlight. If there is a com- 
plete circuit connected to the cell, current will flow through the circuit. The amount 
of current produced by a solar cell is determined by the surface area of the cell. For 
instance, assume a solar cell has a surface area of 1 square inch, and another cell has 
a surface area of 4 square inches. If both cells are made of silicon, both will produce 
0.5 volts when in direct sunlight. The larger cell, however, will produce four times as 
much current as the small one. 

Figure 20-1 shows the schematic symbol for a photovoltaic cell. Notice that the 
symbol is the same as the symbol used to represent a single cell battery except for 
the arrow pointing toward it. The battery symbol means the device has the ability to 
produce a voltage, and the arrow means that it must receive light to do so. 

Photovoltaic cells have the advantage of being able to operate electrical equip- 
ment without external power. Because silicon solar cells produce only 0.5 volts, it is 
often necessary to connect several of them together to obtain enough voltage and 
current to operate the desired device. For example, assume that solar cells are to be 
used to operate a DC relay coil that requires 3 volts at 250 milliamps. Now assume 
that the solar cells to be used have the ability to produce 0.5 volts at 150 milliamps. 
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Figure 20-1 Schematic symbol for a photovoltaic cell. 


If six solar cells are connected in series, they will pro- 
duce 3 volts at 150 milliamps (Figure 20-2). The volt- 
age produced by the connection is sufficient to operate 
the relay, but the current capacity is not. Therefore, six 
more solar cells must be connected in series. This con- 
nection is then connected parallel to the first connection 
producing a circuit that has a voltage rating of 3 volts 
and a current rating of 300 milliamps, which is sufficient 
to operate the relay coil. 

Although solar cells are sometimes used in industrial 
control applications, they are more often used to provide 
electric power in remote locations where connection to 
power lines is not available. Banks of solar cells charge 
batteries during daylight hours (Figure 20-3). The DC 
voltage provided by the batteries is then converted into 
AC voltage to operate desired equipment. 





Figure 20-3 Solar cells used to provide power at the Anvick 
River Lodge located in a remote region of Alaska. 


3 VOLTS 150 mA 





RELAY COIL 


Figure 20-2 Series-parallel connection of solar cells produces 3 volts at 300 milliamps. 
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PHOTODIODE 


PHOTO-SCR 


Figure 20-4 Schematic symbols for the phototransistor, the photodiode, and the photo-SCR. 


Photoemissive Devices 


Photoemissive devices emit electrons when in the pres- 
ence of light. They include such devices as the pho- 
totransistor, the photodiode, and the photo-SCR. 
The schematic symbols for these devices are shown in 
Figure 20-4. The emission of electrons is used to turn these 
solid-state components on. The circuit in Figure 20-5 
shows a phototransistor used to turn on a relay coil. 
When the phototransistor is in darkness, no electrons are 
emitted by the base junction, and the transistor is turned 
off. When the phototransistor is in the presence of light, 
it turns on and permits current to flow through the re- 
lay coil. The diode connected parallel to the relay coil is 
known as a kickback or freewheeling diode. Its function is 
to prevent induced voltage spikes from occurring when the 
current suddenly stops flowing through the coil and the 
magnetic field collapses. 

In the circuit shown in Figure 20-5, the relay coil 
will turn on when the phototransistor is in the presence 
of light, and turn off when the phototransistor is in 
darkness. Some circuits may require the reverse opera- 
tion. This can be accomplished by adding a resistor and 
a junction transistor to the circuit (Figure 20-6). In this 
circuit a common junction transistor is used to control 
the current flow through the relay coil. Resistor R1 lim- 
its the current flow through the base of the junction 
transistor. When the phototransistor is in darkness, it 
has a very high resistance. This permits current to flow 
to the base of the junction transistor and turn it on. 
When the phototransistor is in the presence of light, it 
turns on and connects the base of the junction transis- 
tor to the negative side of the battery. This causes the 
junction transistor to turn off. The phototransistor 
in the circuit is used as a stealer transistor. A stealer 
transistor steals the base current away from some other 
transistor to keep it turned off. 

Some circuits may require the phototransistor to have 
a higher gain than it has under normal conditions. This 
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Figure 20-5 Phototransistor controls relay coil. 


can be accomplished by using the phototransistor as the 
driver for a Darlington amplifier circuit, Figure 20—7. A 
Darlington amplifier circuit generally has a gain of over 
10,000. 

Photodiodes and photo-SCRs are used in circuits 
similar to those shown for the phototransistor. The pho- 
todiode will permit current to flow through it in the pres- 
ence of light. The photo-SCR has the same operating 
characteristics as a common junction SCR. The only dif- 
ference is that light is used to trigger the gate when using 
a photo-SCR. 

Regardless of the type of photoemissive device used, 
or the type circuit it is used in, the greatest advantage of 
the photoemissive device is speed. A photoemissive de- 
vice can turn on or off in a few microseconds. Photovol- 
taic or photoconductive devices generally require several 
milliseconds to turn on or off. This makes the use of 
photoemissive devices imperative in high speed switching 
circuits. 
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Figure 20-6 The relay turns on when the phototransistor is in darkness. 
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satis Figure 20-8 Schematic symbol for a cad cell. 


Figure 20-7 The phototransistor is used as the driver for a 
Darlington amplifier. 


Photoconductive Devices 


Photoconductive devices exhibit a change of resistance 
due to the presence or absence of light. The most com- 
mon photoconductive device is the cadmium sulfide 
cell or cad cell. The cad cell has a resistance of about 
50 ohms in direct sunlight and several hundred thousand 
ohms in darkness. It is generally used as a light sensitive 
switch. The schematic symbol for a cad cell is shown in 
Figure 20-8. Figure 20—9 shows a typical cad cell. Figure 20-9 Cad cell. 
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Figure 20-10 Cad cell controls relay coil. 


Figure 20—10 shows a basic circuit of a cad cell being 
used to control a relay. When the cad cell is in darkness, 
its resistance is high. This prevents the amount of cur- 
rent needed to turn the relay on from flowing through 
the circuit. When the cad cell is in the presence of light, 
its resistance is low. The amount of current needed to 
operate the relay can now flow through the circuit. 
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Although this circuit will work if the cad cell is large 
enough to handle the current, it has a couple of problems. 


1. There is no way to adjust the sensitivity of the cir- 
cuit. Photo-operated switches are generally located 
in many different areas of a plant. The surrounding 
light intensity can vary from one area to another. It 
is, therefore, necessary to be able to adjust the sensor 
for the amount of light needed to operate it. 


2. The sense of operation of the circuit cannot be 
changed. The circuit shown in Figure 20-10 permits 
the relay to turn on when the cad cell is in the pres- 
ence of light. There may be conditions that would 
make it desirable to turn the relay on when the cad 
cell is in darkness. 


Figure 20-11 shows a photodetector circuit that 
uses a cad cell as the sensor and an operational amplifier 
as the control circuit. The circuit operates as follows: 
Resistor R1 and the cad cell form a voltage divider cir- 
cuit that is connected to the inverting input of the ampli- 
fier. Resistor R2 is used as a potentiometer to preset a 
positive voltage at the noninverting input. This control 
adjusts the sensitivity of the circuit. Resistor R3 limits 
the current to a light-emitting diode (LED). The LED is 
mounted on the outside of the case of the photodetector 
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Figure 20-11 The relay coil is energized when the cad cell is in light. 
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Figure 20-12 The relay is energized when the cad cell is in darkness. 


and is used to indicate when the relay coil is energized. 
Resistor R4 limits the base current to the junction tran- 
sistor. The junction transistor is used to control the cur- 
rent needed to operate the relay coil. Many op amps do 
not have enough current rating to control this amount of 
current. Diode D1 is used as a kickback diode. 

Assume that Resistor R2 has been adjusted to pro- 
vide a potential of 6 volts at the noninverting input. 
When the cad cell is in the presence of light, it has a low 
resistance and a potential less than 6 volts is applied to 
the inverting input. Because the noninverting input has a 
higher positive voltage connected to it, the output is high 
also. When the output of the op amp is high, the LED 
and the transistor are turned on. 

When the cad cell is in darkness, its resistance in- 
creases. When its resistance becomes greater than 4.7 
kilohms, a voltage greater than 6 volts is applied to the 
inverting input. This causes the output of the op amp 
to change from a high state to a low state, and turn the 
LED and transistor off. Notice in this circuit that the 
relay is turned on when the cad cell is in the presence of 
light, and turned off when it is in darkness. 

Figure 20-12 shows a connection that will reverse the 
operation of the circuit. The potentiometer has been re- 
connected to the inverting input, and the voltage divider 
circuit has been connected to the noninverting input. To 
understand the operation of this circuit, assume that a 
potential of 6 volts has been preset at the inverting input. 


mp MJE 3055 


O - 12 VOLTS DC 


0+ 12 VOLTS DC 


RELAY 
COIL 





1 KILOHM 


When the cad cell is light, it has a low resistance and 
a voltage less than 6 volts is applied to the noninverting 
input. Because the inverting input has a greater positive 
voltage connected to it, the output is low and the LED 
and the transistor are turned off. 

When the cad cell is in darkness, its resistance be- 
comes greater than 4.7 kilohms and a voltage greater 
than 6 volts is applied to the noninverting input. This 
causes the output of the op amp to change to a high state 
that turns on the LED and transistor. Notice that this 
circuit turns the relay on when the cad cell is in darkness 
and off when it is in the presence of light. 


MiiiiMounting 


Photodetectors designed for industrial use are made to 
be mounted and used in different ways. There are two 
basic types of photodetectors: one type has separate 
transmitter and receiver units; the other type has both 
units mounted in the same housing. The type used is gen- 
erally determined by the job requirements. The transmit- 
ter section is the light source that is generally a long life 
incandescent bulb. There are photodetectors, however, 
that use an infrared transmitter. These cannot be seen 
by the human eye and are often used in burglar alarm 
systems. The receiver unit houses the photodetector and, 
generally, the circuitry required to operate the system. 
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Figure 20-13 Photodetector senses presence of object on 
conveyor line. 
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Figure 20-14 Object is sensed by reflecting light off a shiny 


surface. 


Figure 20-13 shows a photodetector used to detect 
the presence of an object on the conveyor line. When the 
object passes between the transmitter and receiver units, 
the light beam is broken and the detector activates. No- 
tice that no physical contact was necessary for the photo- 
detector to sense the presence of the object. 

Figure 20-14 illustrates another method of mount- 
ing the transmitter and receiver. In this example, an ob- 
ject is sensed by reflecting light off of a shiny surface. 
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PHOTODETECTOR 





sae REFLECTOR 


Figure 20-15 The object is sensed when it passes between the 
photodetector and the reflector. 


Notice that the transmitter and receiver must be mounted 
at the same angle with respect to the object to be sensed. 
This type of mounting will only work with objects that 
have the same height, such as cans on a conveyor line. 

Photodetectors that have both the transmitter and 
the receiver units mounted in the same housing depend 
on a reflector for operation. Figure 20-15 shows this 
type of unit mounted on a conveyor line. The transmit- 
ter is aimed at the reflector. The light beam is reflected 
back to the receiver. When an object passes between 
the photodetector unit and the reflector, the light to 
the receiver is interrupted. This type of unit has the 
advantage of needing electrical connection at only one 
piece of equipment. This permits easy mounting of the 
photodetector unit, and mounting of the reflector in 
hard to reach positions that would make running con- 
trol wiring difficult. Many of these units have a range 
of 20 feet and more. 

Another type of unit that operates on the principle 
of reflected light uses an optical fiber cable. The fibers 
in the cable are divided in half. One-half of the fibers is 
connected to the transmitter, and the other half is con- 
nected to the receiver (Figure 20-16). This unit has the 
advantage of permitting the transmitter and the receiver 
to be mounted in a very small area. Figure 20-17 illus- 
trates acommon use for this type of unit. The unit is used 
to control a label cutting machine. The labels are printed 
on a large roll and must be cut for individual packages. 
The label roll contains a narrow strip on one side which 
is dark colored except for shiny sections spaced at regular 
intervals. The optical fiber cable is located above this nar- 
row strip. When the dark surface of the strip is passing 
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Figure 20-16 Optical cable is used to transmit and receive 
light. 





Figure 20-17 Optical cable detects shiny area on one side 
of label. 


beneath the optical cable, no reflected light returns to 
the receiver unit. When the shiny section passes beneath 
the cable, light is reflected back to the receiver unit. 
The photodetector sends a signal to the control circuit 
and tells it to cut the label. 

Photodetectors are very dependable and have an 
excellent maintenance and service record. They can be 
used to sense almost any object without making physi- 
cal contact with it, and can operate millions of times 
without damage or wear. A photodetector is shown in 
Figure 20-18. 





Figure 20-18 Photodetector unit with both transmitter and 
receiver units. 


Iiii/Photodetector Application 


A common application for a photodetector is shown 
in Figure 20-19. An industrial plant has a large door 
that is raised up and down by an electric motor. The 
doorway is used to move material into and out of 
the plant when trucks are unloaded or loaded. Limit 
switches are used to detect when the door has reached 






PHOTODETECTOR 


Figure 20-19 Photodetectors stop door if light beam is 
broken. 
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Figure 20-20 Door opener control circuit. 


its maximum distance of travel in the up or open posi- 
tion, or in the down or closed position. Limit switch 
LS1 detects when the door is fully open or up and 
limit switch LS2 detects when the door is completely 
closed or down. Due to the danger of someone walk- 
ing through or driving a fork truck through the door 
when it is being lowered, a photodetector is installed 
on each side of the door. If the light beam is broken 
when the door is being lowered, it will immediately 
stop the motor. 


LS1 DN 


ao aed 


(w ) i 


The circuit to control the operation of this door is 
shown in Figure 20-20. Because the motor must run in 
one direction to raise the door and run in the opposite 
the direction to lower the door, the circuit is basically a 
forward-reverse control. An emergency STOP button can 
be used to stop the motor at anytime. Once the emergency 
STOP button has been pressed, the circuit must be reset 
before the door can be raised or lowered. To understand 
the operation of the circuit, assume the door to be in the 
closed position. At this point in time, limit switch LS2 will 
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be held open by the door. When the UP push button is 
pressed, a circuit is completed to the UP contactor causing 
the motor to begin raising the door. When the door begins 
to rise, limit switch LS2 closes. When the door reaches the 
full open position, limit switch LS1 opens and stops the 
motor by de-energizing the UP contactor. 

When the DOWN push button is pressed, the DN 
contactor is energized and the motor lowers the door. 
When the door begins to lower, limit switch LSI re- 
closes. If something should break the light beam to 
photodetector PD, the normally closed PD contacts 
will open and disconnect the DN contactor stopping 
the door. Once the obstruction has been cleared, the 
door can be lowered or raised by pressing the UP or 
DOWN push buttons. 


Mii!/Review Questions 


1. List the three major categories of photodetectors. 
2. In which category does the solar cell belong? 


3. In which category do phototransistors and photo- 
diodes belong? 


4. In which category does the cad cell belong? 


5. The term cad cell is a common name for what 
device? 


10. 


11. 


12. 


13. 


. What is the function of the transmitter in a photo- 


detector unit? 


. What is the advantage of a photodetector that 


uses a reflector to operate? 


. An object is to be detected by reflecting light off 


a shiny surface. If the transmitter is mounted at a 
60 degree angle, at what angle must the receiver 
be mounted? 


. How much voltage is produced by a silicon 


solar cell? 


What determines the amount of current a solar 
cell can produce? 


Refer to the circuit in Figure 20-20. What is the 
purpose of the normally closed DN and UP auxil- 
iary contacts? 


Refer to the circuit in Figure 20-20. Assume that 
the door is being raised and something breaks 
the light beam. Will this cause the door to stop 
moving? 


Refer to the circuit in Figure 20-20. Assume that 
the door is being raised and the motor trips on 
overload. When the overload relay is reset, is it 
necessary to press the RESET push button before 
the door can be raised or lowered? 
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Objectives 
The schematics presented in this book so far have been small and intended to teach After studying this chapter 
circuit logic and how basic control systems operate. Schematics in industry, however, the student will be able to: 


are often much more complicated and may contain several pages. Notation is gener- 
ally used to help the electrician interpret the meaning of certain components and 


; Rts : large schematics. 
find contacts that are controlled by coils. The schematic shown in Figure 21-1 is part , 


»> Discuss notations written on 


of a typical industrial control schematic. Refer to this schematic to locate the follow- >) Find contacts that are con- 
ing information provided about the control system. trolled by specific coils on dif- 


ferent lines. 
1. At the very top left-hand side find the notation: (2300V 36 60 Hz.). This 


indicates that the motor is connected to a 2300-volt three phase 60 hertz power 


>> Find contacts that are con- 


line (Figure 21-2). trolled by specific coils on dif- 


ferent electrical prints. 
2. To the right of the first notation locate the notation: (200A S5000V DISCON- 


NECT SWITCH). This indicates that there is a 200 ampere disconnect switch 
rated at 5000 volts that can be used to disconnect the motor from the power line. 
Also, notice that there are six contacts for this switch, two in each line. This is 
common for high voltage disconnect switches. 


3. At the top of the schematic, locate the two current transformers, 1CT and 2CT. 
These two current transformers are used to detect the amount of motor current. 
Current transformers produce an output current of 5 amps under a short-circuit 
condition. The notation beside each CT indicates that it has a ratio of 150 to 5. 
The secondary of 1CT is connected to 1OL and 30L. The secondary of 2CT 
is connected to 2OL and 4OL. Overload coils 1OL and 30L are connected in 
series. That forces each to have the same current flow. Also note that coil sym- 
bols are used for the overloads, not heater symbols. This indicates that these 
overload relays are magnetic, not thermal. 


4. Locate the two 10A fuses connected to the primary of the control transformer 
(Figure 21—3). The control transformer is rated at 2 kVA (2000 volt-amps). The 
high voltage winding is rated at 2300 volts and the secondary winding is rated at 
230 volts. Also, note that the secondary winding contains a center tap (X3). The 
center tap can be used to provide 120 volts from either of the other X terminals. 
Terminals X1 and X2 are connected to 30A fuses. 


5. To the left of the 30A fuse connected to terminal X1, locate the notation 
(EP12246-00) in Figure 21-4. This notation indicates that you are looking at 
Electrical Print number 12246 and line number 00. Most multipage schemat- 
ics use a similar form of notation to indicate the page and line number you are 
viewing. 
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Figure 21-1 Typical industrial schematic diagram. 
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Figure 21-2 Full voltage section of the schematic. 
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Figure 21-3 Full voltage is converted to control voltage. 


. On line number EP12246-02, locate the hand-off- 
automatic switch labeled (HOA SW 120). Also lo- 
cate the contact chart for this switch just to the right 
of the center of the schematic. The chart indicates 
connection between specific terminals for different 
settings of the switch. An X indicates connection 
between terminals and 0 indicates no connection. 
Notice that in the hand position, there is connection 
between terminals | and 2. There is no connection 


200A 5000V 
DISCONNECT SWITCH 
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between terminals 3 and 4. In the off position, there 
is no connection between any of the terminals. In the 
auto position there is connection between terminals 3 
and 4 but no connection between terminals | and 2. 


Referring back to the switch itself, notice that three 
arrows are drawn at the top of the switch. One 
arrow points to H, one points to O, and one points 
to A. The line connected to the arrowhead pointed 
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SCHEMATIC NUMBER 
AND LINE NUMBER 





EP12246-02 


EP12246-04 


EP12246-06 


EP12246-08 


EP12246-10 
EP12246-12 





HAND-OFF-AUTOMATIC SWITCH 


SWITCH CHART FOR 
HAND-OFF-AUTOMATIC 
SWITCH 


CHART FOR HOA 
SWITCH 


RUN-START SWITCH 


Figure 21-4 Charts show connection of switches in different positions. 


at H is shown as a solid line. The lines connected 
to the other two arrowheads are shown as broken 
or dashed. The solid line represents the position the 
switch is set in for the contact arrangement shown 
on the schematic. The schematic indicates that 
at the present time there is a connection between 
terminals 1 and 2, and no connection between ter- 
minals 3 and 4. This is consistent with the contact 
chart for this switch. 


. Locate the run-start switch (RS SW 121) to the right 
and below (HOA SW 120). A contact chart is not 
shown for this switch. Because there are only two 
positions for this switch, a different method is em- 
ployed to indicate contact position for the different 
switch positions. Notice that arrowheads at the top 
of the switch are pointing at the run and start posi- 
tions. The line drawn to the run position is solid and 
the line drawn to the start position is shown as broken 
or dashed. The schematic shows a solid line between 
switch terminals | and 2, and 5 and 6. Dashed lines 
are shown between terminals 3 and 4, and 7 and 8. 
When the switch is set in the run position, there is a 
connection between terminals | and 2, and 5 and 6. 


10. 


When the switch is in the start position there is con- 
nection between terminals 3 and 4, and 7 and 8. 


. On line 02, there are three terminals marked TB-5B. 


These labels indicate terminal block points. Locate 
the terminal with 2 drawn beside it. This wire po- 
sition is located on screw terminal #2 of terminal 
block 5B. Another terminal block point is shown 
below it. This terminal location is screw terminal #5 
of terminal block SB. 


. Find relay coil CR-8 on line 02 (Figure 21—5). CR 


stands for control relay. Notice that the numbers 2 
and 10 on each side of the coil are shown inside a 
square box. The square box indicates that these are 
terminal numbers for the relay and should not be 
confused with wire numbers. Terminals 2 and 10 
are standard coil connections for relays designed to 
fit into an 11 pin tube socket. If you were trying to 
physically locate this relay, the pin numbers would be 
a strong hint as to what you are trying to find. 


Beside pin number 10 of relay coil CR-8 is a circle 
with a line connected to it. The line goes to a symbol 
that looks like ( )-8. This indicates a test point. Test 
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Figure 21-5 Notations on the schematic can be a great help. 


points are often placed at strategic points to aid in 
troubleshooting when necessary. 


11. At the far right-hand side of line 02 is the notation 
(—08, 24, 14). These numbers indicate the lines on 
the schematic where contacts controlled by relay coil 
CR-8 can be found. Find the contacts labeled CR-8 
on these lines of the schematic. 


12. Locate coil CR-7 on line 14 (Figure 21-6). At the far 
right-hand side find the notation (— 14, 08, EP12248 
156). This notation again indicates the places where 
contacts controlled by coil CR-7 can be found. CR-7 
contacts are located on lines 14 and 08 in this sche- 
matic and on line 156 of Electrical Print #12248. 


13. At the right side of the schematic between lines 00 
and 02 is the notation (LOCATED IN RELAY 
CABINET). An arrow is pointing at a dashed line. 


This gives the physical location of such control com- 
ponents as starters, relays, and terminal blocks. Push 
buttons, HOA switches, pilot lights, and so on are 
generally located on a control terminal where an op- 
erator has access to them. 


These are notations that are common to many indus- 
trial control schematics. Nothing is standard, however. 
Many manufacturers use their own numbering and nota- 
tion system, which is specific to their company. Some use 
the NEMA symbols that are discussed in this textbook 
and others do not. With practice and an understanding 
of basic control logic and schematics, most electricians 
can determine what these different symbols mean by the 
way they are used in a circuit. The old saying “Practice 
makes perfect” certainly applies to reading schematic 
diagrams. 
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Figure 21-6 Multi-page schematics generally employ some type of notation to indicate where the contacts controlled by a relay 


are located. 
ii/Review Questions 5. How much voltage is applied to coil CR-7 when it 
Refer to Figure 21-1 to answer the following questions. is energized? 

1. When switch HOA SW 122 is in the off 6. What contact(s) are located between screw 


= ? 
position, which contacts have connection numbers 8 and 9 of terminal block 5B: 


between them? 7. Relay coil CR-7 is located between what terminal 


? 
2. How much voltage will be applied to coil 1CR block and screw numbers: 


when it is energized? 8. Assume that HOA SW 120 has been set in the 
auto position. List four ways by which coil CR-8 


3. Referring to switch (RS SW 123), in what position could be energized: 


must the switch be set to make connection 
between terminals 3 and 4? 9. In what position must switch SW 123 be set to 


make connection between terminals 3 and 4? 
4. What are the terminal numbers for the two 


normally open spare contacts controlled by 10. If one of the magnetic overload relays should 
coil 2CR? open its contact, how can it be reset? 
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There are different ways in which control systems can be installed. Wiring dia- 
grams can sometimes be misleading because they show all the components grouped 
together in a small area, when in reality they may be located some distance apart. 
Some control components, such as limit switches, photodetectors, or flow switches, 
may be located on the machine itself, while other components such as control relays 
and motor starters may be located inside a cabinet. Control components such as 
push buttons, pilot lights, and manual switches may be located on a control panel 
that is convenient for an operator. Components such as float switches and pressure 
switches will generally be located on tanks. 

The control circuit shown in Figure 22-1 is used to fill a tank with water and 
then add air pressure if needed. A stop-run switch permits power to be supplied to the 
circuit or not. Float switch FS1 senses when the tank is full of water. A second float 
switch, FS2, mounted close to the bottom of the tank senses when the water level is 
low. Two float switches are necessary in this circuit because the tank is to be pressur- 
ized. This prevents the use of a rod or chain type float switch because the tank must 
be sealed. When the water level drops sufficiently, FS2 contacts close and energize the 
coil of motor starter M. This causes all M contacts to change position. The M load 
contacts connect the pump motor to the power line and start the pump. The normally 
open auxiliary contact connected in parallel with float switch FS2 closes to maintain 
the circuit when the water level begins to rise and the FS2 contact reopens. When the 
tank is full, the normally closed FS1 contacts open and de-energize coil M. In order 
to increase the water pressure, an air line is added to the tank (Figure 22-2). If there 
is not sufficient pressure in the tank, pressure switch PSI closes and energizes the 
solenoid valve permitting air to pressurize the tank. When the pressure is sufficient, 
contact PS] opens and de-energizes the solenoid valve. 

The only time that air pressure should be permitted to enter the tank is when 
the tank is full of water. Float switch FS1 senses when the tank is full. The normally 
open contact of float switch FS1 is used to prevent the solenoid coil from energizing 
unless the tank is full of water. 

Notice that two float switches are connected with a dashed line. One is normally 
closed and marked FS1. The other is shown normally open. Also notice that one 
end of each of these two float switches is connected to the same electrical point. The 





Objectives 


After studying this chapter 
the student will be able to: 


>> Discuss methods of install- 
ing a control system. 


>> Use wire numbers to trou- 
bleshoot a control circuit. 


>> Explain advantages of using 
the point-to-point system of 
connecting a circuit. 


>> Explain advantages of using 
terminal strips for connecting a 
circuit. 
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Figure 22—1 Pump control circuit. 
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Figure 22-2 Component location. 





common terminal of the float switch would be connected 
to this electrical point. The normally closed section of 
the switch should connect to one side of float switch FS2 
and one side of M auxiliary contact. The normally open 
section of the FS] should connect to one side of the 
pressure switch. 


Dii/Component Location 


As mentioned previously, wiring diagrams can some- 
times be misleading because they show components 
located in close proximity to each other. In reality, the 
circuit components may be located some distance from 
each other. The location of the components in the circuit 
shown in Figure 22-1 is shown in Figure 22—2. The two 
float switches, the pressure switch, and the solenoid valve 
are located on the pressurized water tank. The pump is 
located beside the tank, and the manual run-stop switch, 
motor starter, and control transformer are located in 
the motor control center. Conductors are run in conduit 
from the motor control center to the tank to make actual 
connection. 
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Mii/Point-to-Point Connection 


A couple of methods can be employed to connect the 
circuit. The first step will be to place wire numbers on 
the schematic. Wire numbers will be added to the control 
circuit only. The load side of the circuit will not be num- 
bered. These wire numbers are shown in Figure 22-3. 
The circuit components are shown in Figure 22-4. The 
components located inside the dashed lines are located 
inside the motor control center. Note that wire numbers 
that correspond to the schematic in Figure 22—3 were 
added to the circuit components. 

One method of connecting this circuit is the 
point-to-point method. Components are connected 


Ty MEO TES 
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M 
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CONTROL 
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Figure 22—3 Adding wire numbers to the schematic. 
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from one point to another depending on the proximity 
of one component to another. This method generally 
results in a saving of wire. Some of the connections 
are made inside the MCC and others must be made 
away from the MCC. The connections made inside 
the MCC are shown with dashed lines and the ones 
outside the MCC are made with solid lines. When 
making connections, wire numbers should be placed 
on the wire at any point of termination. This greatly 
aids in troubleshooting the circuit. Each component 
should also be labeled with a tag to identify the com- 
ponent. Point-to-point connection of this circuit is 
shown in Figure 22—5. Note that notation is used to 
identify the wire number. 
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Figure 22-4 Circuit components. 


ii/Using Terminal Strips 


A second method for installing control systems is shown 
in Figure 22-6. This method involves using a terminal 
strip to terminate the different control components. The 
terminal strip in this illustration is located inside the 
motor control center, but they are often located inside 


LOCATED INSIDE MCG 
SOL 
6 op X2 
5 6 
VEO y 
PS1 
Atte 
eeo 9 
FS1 


FS2 


a cabinet containing other control components. As with 
the point-to-point system, wires should still be num- 
bered at any termination point and the components 
should be tagged for easy identification. The primary 
difference between the two methods is that wires from 
the different components are brought to the terminal 
strip and connection 1s made at that location. Note 
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Figure 22—5 Point-to-point wiring method. 


that some wiring is still made from point-to-point in- 
side the motor control center. Although connecting 
components to a terminal strip generally involves using 
a greater amount of wire, it can be the less expensive 
method when it is necessary to troubleshoot the circuit. 


If the electrician needs to know if the normally open 
switch on float switch FS1 is open or closed, he or she 
can test it from the terminal strip without having to find 
FS1, remove the cover, and check the condition of the 
contacts. 
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Figure 22-6 Connections are made to a terminal strip. 


U/ Review Questions 4. What is the disadvantage of wiring components 


to a terminal strip? 
1. What is an advantage of the point-to-point 5 


S ae . What is the main advantage of making connec- 
method of connecting circuit components? 


tions at a terminal strip? 
2. When connecting a control system, what should 6 
be done each time a wire termination is made to 
any component? 


. Refer to the circuit shown in Figure 22—1. Should 
float switch FS2 be wired as normally open or 
normally closed? Explain your answer. 

3. What should be done to each component to help 


identity it? 7. What does the dashed line between the two float 
identify it: 


switch contacts labeled FS1 indicate? 
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Objectives 
Across-the-line starting is the simplest of all starting methods. It is accomplished After studying this chapter 
by connecting the motor directly to the power line. Across-the-line starting is used the student will be able to: 


for both alternating current and small direct current motors. The size motor that 
can be started across-the-line can vary from one area to another, depending on the 
power limitations of the electrical service. In heavily industrialized areas, motors 


>> Discuss across-the-line 
starting for alternating current 


of over 1000 horsepower are often started across-the-line. In other areas, motors of bape 

less than 100 horsepower may require some type of starter that limits the amount of >> Discuss across-the-line 

starting current. starting for direct current 
motors. 


Three-Phase Alternating Current Motors 


Three-phase motors are by far the most common type of motor found throughout 
industry. They can be divided into three main types: squirrel cage, wound rotor, and 
synchronous. Of the three types the squirrel cage is the most common. The compo- 
nents of a three-phase squirrel cage motor are shown in Figure 23-1. A typical three- 
phase squirrel cage motor is shown in Figure 23-2. 


Three-phase motors have several advantages over other types of electric motors: 
¢ They produce more horsepower per case size and weight than other motors. 


¢ They do not need the separate set of start windings that is required by many 
single-phase motors. 


* They do not require a commutator and brushes. 
¢ They exhibit very long life spans when operated within their power rating. 
* They are more energy efficient than single-phase motors. 


Regardless of the type, all three-phase motors operate on the principle of a ro- 
tating magnetic field. The stator winding consists of three separate winding arranged 
around the inside of a cylindrical core, Figure 23-3. The example in Figure 23-3 
shows six separate pole pieces, two for each phase. This drawing is intended to help 
illustrate how the three windings are arranged around the stator. In actual practice, 
the inside of the stator is relatively smooth as shown in Figure 23-4. 
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Photo courtesy of Baldor Electric Co. 


Figure 23-1 Components of a three-phase squirrel cage motor. 





Photo courtesy of Baldor Electric Co. 


Figure 23-2 A three-phase squirrel cage motor. 


When power is applied to the stator of the three- 
phase motor, a magnetic field will rotate around the in- 
side of the stator core. There are three factors that cause 
the field to rotate: 





Figure 23-3 Stator winding of a two-pole, three-phase motor. 
1. The arrangement of the three windings around the ’ 3 H A 


inside of the stator core. 


2. The fact that the three voltages are 120° out-of-phase 


with eachother; The speed of the rotating magnetic field is called 


3. The fact that the voltages change polarity at regular synchronous speed, and is determined by the number of 
intervals. stator poles per phase and the frequency of the applied 
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Figure 23—4 Stator windings form a smooth inner surface. 


voltage. The formula for determining synchronous 
speed is: 


_ 120 
= 





Where s = speed in RPM 
jf = frequency in Hz. 
P = number of stator poles per phase. 





EXAMPLE: What is the synchronous speed 
of a three-phase motor that contains six poles 
per phase and is connected to 60 Hz? 


5 = 120 x 60 
6 
5 = 2200 
6 
s = 1200 RPM 


All three types of three-phase motors use the same 
basic stator winding to produce a rotating magnetic field. 
The differences among the motors are the types of rotors 
or rotating members. The rotors of both wound rotor 
and synchronous motors contain windings. The wind- 
ings of a wound-rotor motor are connected to three slip 
rings mounted on the motor shaft and brushes are used 
to allow different values of resistance to be connected 
to the rotor circuit. The rotor winding of a synchronous 
motor must have direct current applied to it in order to 
produce a rotor magnetic field. 


Photo courtesy of Baldor Electric Co. 
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Figure 23-6 When laminations are added to the squirrel cage 
winding, the rotor looks like a solid piece of metal. 


The most common type of three-phase motor is 
the squirrel cage. They are so named because the actual 
rotor winding is made by joining metal bars together at 
each end, Figure 23—5. With the laminations removed, 
the winding resembles the circular wheel placed inside 
the cage of a small animal such as a squirrel or hamster. 
The animals can run inside the wheel for exercise. When 
laminations are added, the rotor looks like a solid metal 
object, Figure 23-6. If the rotor is cut in half, Figure 23—7, 
the squirrel cage winding can be seen. 
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Figure 23-7 The squirrel cage winding is visible if the rotor is 


cut in half. 
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Figure 23-8 Table 430.7(B) of the NEC®. 





Photo courtesy of Baldor Electric Co, 


The type of bars used to construct the rotor has 
a great effect on the operating characteristics of the 
motor. The type of rotor is identified by a code letter 
on the nameplate of a motor. Code letters range from 
A through V. Table 430.7(B) of the National Electrical 
Code” lists these code letters (Figure 23-8). 

It may be sometimes necessary to determine the 
amount of in-rush current when installing a motor. 
This is especially true in areas where the power com- 
pany limits the amount of current it can supply. 
In-rush current is referred to a locked rotor current, 
because it is the amount of current that would flow if 
the rotor were to be locked so it could not turn and 
the power turned on. To determine in-rush current for 
a motor, find the code letter on the motor nameplate. 
Do not confuse the rotor code letter with the NEMA 
code letter found on many motors. The nameplate will 
generally state one as CODE and the other as NEMA 
CODE. Once the code letter has been determined, it is 
possible to calculate the starting current for the motor. 
A simple across-the-line starting circuit for an AC 
motor is shown in Figure 23-9. 


Mii/Direct Current Motors 


Direct current motors do not depend on inductive reac- 
tance to limit current flow as alternating current motors 
do. Initial in-rush current is limited by the resistance of 
the windings. When the armature begins to turn, coun- 
ter EMF is developed in the armature. Counter EMF is 
the main current limiting force in a direct current motor. 
Small DC motors can be started across-the-line because 





EXAMPLE: Assume a 200 hp three-phase 
squirrel cage motor is connected to 480 volts and 
has a code letter J. Table 430.7(B) lists 7.1—7.99 
kVA per horsepower for a motor with code let- 
ter J.To determine maximum starting current, 
multiply 7.99 by the horsepower. 


799 x 200 = 1598 kVA 
Because the motor is three phase, the formula 


shown can be used to calculate the starting 
current. 


VA 


 EXV3 


_ 1,598,000 VA 
480 x 1.732 


= 1922.15 amperes 


/ 
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Figure 23-9 Basic circuit for across-the-line starting of an AC motor. 
they have low inertia and the armature will rapidly gain 
BLOWOUT COIL 


enough speed to produce the counter EMF needed to 
limit current. 

Contactors intended to connect direct current 
motors to the line often have arc suppression and mag- 
netic blowout coils as discussed in Chapter 5. Some DC 
contactors contain two separate coils (Figure 23-10). 
One is the holding coil and remains energized as long as 
power is applied to the contactor. The other coil is called 
the pick-up coil and is used to increase the magnetic field 
strength when the contactor is first energized. When 
the armature makes connection with the electromagnet, 
a limit switch opens the circuit to the pick-up coil. The 
pick-up coil is intended for momentary duty and not 
continuous operation. If the pick-up is not disconnected 
when the contactor is energized, it will generally be dam- 
aged by excessive heat. 

Direct current motors require only one load contact 
to connect or disconnect them to the power line and one 
overload sensing device (Figure 23-11). Table 430.37 of 
the National Electrical Code® states that single-phase AC 
and DC motors require protection in only one conduc- 
tor in an ungrounded system. In a grounded system, the 
current sensing device must be in the ungrounded con- 
ductor. A typical direct current motor starter is shown in 
Figure 23-12. Note the arc shield around the contact and 
the blowout coil located at the top of the contactor. 
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Figure 23-10 Some DC contactors contain a pick-up coil and 
holding coil. 
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Figure 23-11 Direct current motors require only one load contact 
and one overload sensor. 


£8 HAMMER 


Direct current starters and contactors that do not 
utilize arc suppressors or magnetic blowout coils often 
use multiple contacts to break the circuit (Figure 23—13). 
Connecting contacts in series gives the contactor the abil- 
ity to break higher voltages. A three-phase motor starter 
with the load contacts connected in series is shown in 
Figure 23-14. Figure 23-12 Typical direct current motor starter. 








Figure 23-13 Multiple contacts provide a higher voltage rating. 
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Figure 23-14 Load contacts are connected in a series. 


1 i 4. Some direct current contactors contain two coils, 
MiiiReview Questions the hold coil and the pick-up coil. Explain the func- 
1. How is across-the-line starting accomplished? tion of each coil. 
2. How many overload sensing devices are required 5. What method is used to disconnect the pick-up 
for single-phase AC and DC motors? coil of a DC contactor? 


3. If a direct current motor is connected to a 
grounded DC power system, should the over cur 
rent sensing device be placed in the grounded or 
ungrounded conductor? 


Copytight 017 Congate Learning. All Rights Reserved. May net he copied, scanned, or duplicated. in whole or in part Due te cloctroniv rights, some third party content may he suppressed from the eBook and/or eChapteit s). 
Editevial revicw has doomed that any suppressed comtnt docs not materially affect theoverall learningexporicnce. Cengage Learning eserves the rightto remove additional gontent at any time if subsoquent rights restrictions require it. 





ht 201? Coneawe Leaning. Al Rights Reserved. May net he cepied. scanned. or duplicated. in whole erin part. Due te cloctremic rights. seme third paity ountent may be suppressed fun the oBaok aiddor oChapter(s7. 
Editorial review has deemed that any supp ntntdees net materially affect the eerall lcaming experience: Cengage Learning reserves the right te remeve additional content atany time if subsequent rights restrictispas require it, 








Chapter 24 
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There are conditions where it is not possible to start a motor across-the-line due to 
excessive starting current or excessive torque. Some power systems are not capable 
of providing the high initial currents produced by starting large horsepower mo- 
tors. When this is the case, some means must be employed to reduce the amount of 
starting current. Two of the most common methods are resistor and reactor starting. 
Although these two methods are very similar, they differ in the means used to reduce 
the amount of starting current. 


Iiii/Resistor Starting 


Resistor starting is accomplished by connecting resistors in series with the motor 
during the starting period (Figure 24-1). When the START button is pressed, motor 
starter coil M energizes and closes all M contacts. The three M load contacts connect 
the motor and resistors to the line. Because the resistors are connected in series with 
the motor, they limit the amount of in-rush current. When the M auxiliary contact 
connected in series with coil TR closes, the timer begins its timing sequence. At the 
end of the time period, timed contact TR closes and energizes contactor R. This 
connection causes the three R contacts connected in parallel with the resistors to 
close. The R contacts shunt the resistors out of the line and the motor is now con- 
nected to full power. 

The circuit in Figure 24-1 uses time delay to shunt the resistors out of the circuit 
after some period of time. Time delay is one of the most popular methods of deter- 
mining when to connect the motor directly to the power line because it is simple and 
inexpensive, but it is not the only method. Some control circuits sense motor speed 
to determine when to shunt the resistors out of the power line (Figure 24—2). In the 
illustration, permanent magnets are attached to the motor shaft and a Hall effect 
sensor determines the motor speed. When the motor speed reaches a predetermined 
level, contactor R energizes and shunts the resistors out of the line (Figure 24-3). 

Another way of determining when to shunt the resistors out of the circuit is by 
sensing motor current. Current transformers are used to sense the amount of motor 
current (Figure 24-4). In this circuit the current sensor contacts are normally closed. 
When the motor starts, high current causes the sensor contacts to open. An on-delay 
timer provides enough time delay to permit the motor to begin starting before contactor 
coil R can energize. This timer is generally set for a very short time delay. As the motor 
speed increases, the current drops. When the current drops to a low enough level, the 
current sensor contact recloses and permits contactor R to energize. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Discuss why resistor and 
reactor starting is used for 
starting alternating current 
motors. 


>> Discuss how resistor start- 
ing is used with direct current 
motors. 


>> Discuss different methods 
of accomplishing resistor and 
reactor starting. 


>> Explain the difference 
between resistor and reactor 
starting. 
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Figure 24—1 Resistor starting circuit. 


HALL EFFECT 
SENSOR 





PERMANENT MAGNETS 
Figure 24-2 Hall effect sensor is used to determine motor 


speed. 
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Figure 24-3 Speed sensor is used to shunt resistors out of the circuit. 


iiii/Reactor Starting 


A reactor starter is the same basic control except that 
reactors or choke coils are used to limit in-rush current 
instead of resistors (Figure 24-5). Reactors limit in-rush 
current with inductive reactance instead of resistance. Re- 
actors have an advantage in current limiting circuits be- 
cause of the rise time of current in an inductive circuit. In 
a resistive circuit, the current will reach its full Ohm’s law 
value instantly. In an inductive circuit, the current must 
rise at an exponential rate (Figure 24-6). This exponential 
rise time of current further reduces the in-rush current. 


Iiii/Step Starting 


Some resistor and reactor starters use multiple steps of 
starting. This is accomplished by tapping the resistor or 
reactor to provide different values, of resistance or in- 
ductive reactance (Figure 24-7). When the START but- 
ton is pressed, M load contacts close and connect the 
motor and inductors to the line. The M auxiliary con- 
tact closes and starts timer TR1. After a time delay, TR1 
contact closes and energizes S1 coil. This causes half 
of the series inductor to be shunted out, reducing the 
inductive reactance connected in series with the motor. 
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Figure 24—4 Current sensor determines when resistors are to be shunted out of the line. 


Motor current increases, causing the motor speed to in- of the inductance to be shunted out. The motor is now 
crease. The S1 auxiliary contact closed at the same time connected directly to the power line. Some circuits may 
causing timer TR2 to start its timing sequence. When use several steps of starting depending on the circuit 
TR2 contact closes, contactor S2 energizes, causing all requirements. 
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Figure 24-5 Reactor starting circuit. 
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Figure 24—6 Current in an inductive circuit rises at an 
exponential rate. 
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Figure 24—7 Three-step reactor starting circuit. 
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Mii/Review Questions 


1. What two electrical components are commonly 
connected in series with a motor to limit starting 
current? 


. What advantage does a reactor have when limiting 
in-rush current that is not available with a resistor? 


. Refer to the circuit shown in Figure 24—1. Assume 

that timer TR is set for a delay of 10 seconds. 

When the START button is pressed the motor 

starts in low speed. After a delay of 30 seconds 

the motor is still in its lowest speed and has not 

accelerated to normal speed. Which of the follow- 

ing could not cause this condition? 

a. The START button is shorted. 

b. Timer coil TR is open. 

c. Contactor coil R is open. 

d. Timed contact TR did not close after a delay of 
10 seconds. 


. Refer to the circuit shown in Figure 24-7 Assume 
that each timer is set for a delay of 5 seconds. 


When the START button is pressed, the motor 
starts in its lowest speed. After a delay of 5 sec- 
onds the motor accelerates to second speed. 
After another delay of 5 seconds, the motor stops 
running. During troubleshooting, you discover that 
the control transformer fuse is blown. Which of 
the following could cause this condition? 

a. TR1 coil is shorted. 

b. $1 coil is open. 

c. S2 coil is shorted. 

d. TR2 coil is open. 


. Refer to the circuit shown in Figure 24—7 Assume 


that each timer is set for a delay of 5 seconds. 
When the START button is pressed, the motor 
starts in its highest speed. Which of the following 
could cause this condition? 

a. The STOP button is shorted. 

b. TR1 timer coil is open. 

c. $1 auxiliary contact is shorted. 

d. TR2 timer coil is shorted. 
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Chapter 25 





Autotransformer starters reduce the amount of in-rush current by reducing the volt- 
age applied to the motor during the starting period. Many autotransformer starters 
contain taps that can be set for 50, 65, or 80 percent of the line voltage. Reducing 
the voltage applied to the motor not only reduces the amount of in-rush current but 
also reduces the motor torque. If 50 percent of the normal voltage is connected to 
the motor, the in-rush current will drop to 50 percent also. This decrease produces a 
torque that is 25 percent of the value when full voltage is connected to the motor. If 
the motor torque is insufficient to start the load when the 50 percent tap is used, the 
65 or 80 percent taps are available. 

Autotransformer starters are generally employed to start squirrel cage type mo- 
tors. Wound rotor type motors and synchronous motors do not generally use this 
type of starter. Autotransformer starters are inductive type loads and will affect the 
power factor during the starting period. 

Most autotransformer starters use two transformers connected in open- 
delta to reduce the voltage applied to the motor during the period of acceleration 
(Figure 25-1). During the starting period, the motor is connected to the reduced 
voltage taps on the transformers. After the motor has accelerated to about 75 percent 
of normal speed, the motor is connected to full voltage. A time delay starter of this 
type is shown in Figure 25—2. To understand more clearly the operation of the au- 
totransformer starter, refer to the schematic diagram shown in Figure 25—2. When 
the START button is pressed, a circuit is completed to the coil of control relay CR, 
causing all CR contacts to close. One contact is employed to hold CR coil in the 
circuit when the START button is released. Another completes a circuit to the coil 
of TR timer, which permits the timing sequence to begin. The CR contact connected 
in series with the normally closed TR contact supplies power to the coil of S (start) 
contactor. The fourth CR contact permits power to be connected to R (run) contac- 
tor when the normally open timed TR contact closes. 

When the coil of S contactor energizes, all S contacts change position. The nor- 
mally closed S contact connected in series with R coil opens to prevent both S and R 
contactors from ever being energized at the same time. This is the same interlocking 
used with reversing starters. When the S load contacts close, the motor is connected 
to the power line through the autotransformers. The autotransformers supply 65 per- 
cent of the line voltage to the motor. This reduced voltage produces less in-rush cur- 
rent during starting and also reduces the starting torque of the motor. 


Objectives 





After studying this chapter 
the student will be able to: 


>> Discuss autotransformer 


starting. 


>> Discuss different types of 


autotransformer starters. 


>> Connect an autotransformer 


starter. 


>> Define closed and open 
transition starting. 
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Figure 25—1 Transformers are connected in open-delta. 


When the time sequence for TR timer is completed, 
both TR contacts change position. The normally closed 
TR contact opens and disconnects contactor S from 
the line causing all S contacts to return to their nor- 
mal position. The normally open TR contact closes and 
supplies power through the now closed S contact to coil 
R. When contactor R energizes, all R contacts change 
position. The normally closed R contact connected in 
series with S coil opens to provide interlocking for the 
circuit. The R load contacts close and connect the mo- 
tor to full voltage. 

When the STOP button is pressed, control relay CR 
de-energizes and opens all CR contacts. This disconnects 
all other control components from the power line and the 


circuit returns to its normal position. A wiring diagram 
for this circuit is shown in Figure 25-3. 


fii/Open and Closed Transition 
Starting 


Open transition starting is generally used on starters of 
size 5 and smaller. Open transition simply means that 
there is a brief period of time when the motor is discon- 
nected from power when the start contactor opens and 
the run contactor closes. The circuits shown in Figures 
25-2 and 25-3 are examples of open transition starters. 

Closed transition starting is generally used on start- 
ers size 6 and larger. For closed transition starting, two 
separate start contactors are used (Figure 25-4). When 
the motor is started, both S1 and S2 contactors close 
their contacts. The S1 contacts open first and separately 
from the $2 contacts. At this point, part of the auto- 
transformer windings are connected in series with the 
motor and act as series inductors. This permits the mo- 
tor to accelerate to a greater speed before the R contacts 
close and the S2 contacts open. Although the R and 
S2 contacts are closed at the same time, the interval of 
time between the R contacts closing and the S2 contacts 
opening is so short that it does not damage the auto- 
transformer winding. 

Notice that the circuit in Figure 25-4 contains three 
current transformers (CTs). This is typical in circuits 
that control large horsepower motors. The CTs reduce 
the current to a level that common overload heaters 
can be used to protect the motor. A schematic diagram 
of a timed circuit for closed transition starting is shown 
in Figure 25-5. When the motor reaches the run stage, 
it is connected directly to the power line and the auto- 
transformer is completely disconnected from the circuit. 
This is done to conserve energy and extend the life of the 
transformers. A typical autotransformer starter is shown 
in Figure 25-6. 
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Figure 25-2 Autotransformer starters provide greater starting torque per ampere drawn from the line than any other type of 
reduced voltage starter. This is a schematic diagram for a time-controlled autotransformer starter. 
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Figure 25-3 Typical wiring diagram for a typical autotransformer starter. 
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Figure 25-4 Closed transition starting uses two separate start contactors. 


Cope right 017 Conzage Learning. All Rights Reserved. May net he cepiod. scanned. or duplicated. in whole or in part. Duc te cloctrenic rights. seme third party oyntent may be suppressed from the eBook andaor oChapter(s). 
Editorial review has decmod that any suppressed vomtent des not materially affect the eecrall leaming experience, Cengage Learning reserves the right te remove additional oontent at any time if subsoquent rights restrictions roquie it, 


264 ® Section 4 Starting and Braking Methods 


STOP 

CR 

CR STAY 

$1 

$2 

CR TR1 
=a 

CR TR2 


Figure 25-5 Closed transition starting circuit. 


Figure 25-6 Typical autotransformer starter. 
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ii/Review Questions 


1. Why is it desirable to disconnect the autotrans- 
former from the circuit when the motor reaches 
the run stage? 


2. Explain the differences between open and closed 
transition starting. 


3. Autotransformers often contain taps that permit 
different percentages of line voltages to be con- 
nected to the motor during starting. What are 
three common percentages? 


4. Refer to the circuit shown in Figure 25-2. 
Assume that timer TR is set for a time delay of 
10 seconds. When the START button is pressed, 
the motor does not start. After a period of 
10 seconds, the motor starts with full line voltage 
applied to it. Which of the following could cause 
this condition? 


Courtesy Schneider Electric USA, Inc. 
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a. Timer TR coil is open. 

b. CR coil is open. 

c. Contactor S coil is open. 
d. Contactor R coil is open. 


. Refer to the circuit shown in Figure 25-2. Assume 
that timer TR is set for a delay of 10 seconds. As- 
sume that contactor coil R is open. Explain the 
operation of the circuit if the START button is 
pressed. 


. Refer to the circuit shown in Figure 25-5. Assume 
that timer TR1 is set for a delay of 10 seconds and 
timer TR2 is set for a delay of 5 seconds. 

After the START button is pressed, how long is 
the time delay before the S1 contacts open? 


7. Refer to the circuit shown in Figure 25-5. Assume 
that timer TR1 is set for a delay of 10 seconds and 
timer TR2 is set for a delay of 5 seconds. From 
the time the START button is pressed, how long 
will it take the motor to be connected to full line 
voltage? 
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8. Refer to the circuit shown in Figure 25-5. Explain 


the steps necessary for coil S2 to energize. 


9. Refer to the circuit shown in Figure 25-5. What 


causes contactor coil S2 to de-energize after the 
motor reaches the full run stage? 


10. Refer to the circuit shown in Figure 25-5. Assume 


that timer TR1 is set for a delay of 10 seconds and 
timer TR2 is set for a delay of 5 seconds. When 
the START button is pressed, the motor starts. 
After 10 seconds the S1 contacts open and the 
motor continues to accelerate, but never reaches 
full speed. After a delay of about 30 seconds, the 
motor trips out on overload. Which of the follow- 
ing could cause this problem? 

a. TR1 coil is open. 

b. S2 coil is open. 

c. S1 coil is open. 

d. R coil is open. 
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Wye-delta starting is often used with large horsepower motors to reduce in-rush 
current during the starting period and reduce starting torque. Wye-delta starting 
is accomplished by connecting the motor stator windings in wye or star during the 
starting period and then reconnecting them in delta during the run period. This is 
sometimes called soft starting. If the stator windings of a motor are connected in 
delta during the starting period, the starting current will be three times the value 
if the windings were connected in wye. Assume that a motor is to be connected to 
a 480-volt three-phase power line. Also, assume that the motor windings have an 
impedance of 0.5 ohms when the motor is first started. If the stator windings are 
connected in delta (Figure 26—1), the voltage across each phase will be 480 volts 
because line voltage and phase voltage are the same in a delta connection. The 
amount of current flow in each phase winding (stator winding) can be determined 
with Ohm’s law. 


1 = EPHASE 

ses ZPHASE 
480 

Tp ase = 05 


Tpyase = 960 amperes 


In a delta connection, the line current is greater than the phase current by a value 
of the square root of 3 (3) or 1.732. Therefore, the amount of line current will be: 
Tune = [puase X 1.732 
Tung = 960 X 1.732 
Tung = 1662.72 amperes 
If the stator windings are connected in wye (Figure 26-2), the voltage across each 
phase windings will be 277 volts, because in a wye connected load, the phase voltage 


is less than the line voltage by a factor of the square root of 3 or 1.732. The amount 
of in-rush current can be determined using Ohm’s law. 


_ Epuase 
“ese ZPHASE 
277 
TpHase = 05 


TpHase = 554 amperes 


Objectives 


After studying this chapter 
the student will be able to: 


>> Calculate starting current for 
a motor with its windings con- 
nected in delta. 


>> Calculate starting current for 
a motor with its windings con- 
nected in wye. 


>> List requirements for wye- 
delta starting. 


>> Connect a motor for wye- 
delta starting. 


>> Discuss open and closed 
transition starting. 
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1662.72 AMPS 





Figure 26-1 Stator windings are connected in delta during the Figure 26-2 Stator windings are connected in wye or star during 
starting period. the starting period. 
In a wye connection, the line current and phase current 2. All stator windings leads must be accessible. Motors 


are the same. Therefore, the starting current has been re- 
duced from 1662.72 amperes to 554 amperes by connect- 
ing the stator windings in wye instead of delta during the 
starting period. 


PiiiNNye-Delta Starting 
Requirements 


Two requirements must be met before wye-delta starting 
can be used. 


1. The motor must be designed for the stator wind- 
ings to be connected in delta during the run period. 
Motors can be designed to operate with their sta- 
tor windings connected in either wye or delta. The 
actual power requirements are the same, depending 
on motor horsepower. The speed of a three-phase 
induction motor is determined by the number of 
stator poles per phase and the frequency of the ap- 
plied voltage. Therefore, the motor operates at the 
same speed regardless which connection is used 
when the motor is designed. 


designed to operate on a single voltage commonly 
supply three leads labeled T1, T2, and T3 at the ter- 
minal connection box located on the motor. Dual 
voltage motors commonly supply nine leads labeled 
T1 through T9 at the terminal connection box. If a 
motor is designed to operate on a single voltage, six 
terminal leads must be provided. The numbering for 
these six leads is shown in Figure 26—3. Notice that 
the lead numbers are standardized for each of the 
three phases. The opposite end of terminal lead T1 
is T4, the opposite end of T2 is T5, and the opposite 
end of T3 is T6. If the stator windings are to be con- 
nected in delta, terminals Tl and T6 are connected 
together, T2 and T4 are connected, and T3 and TS 
are connected. If the stator windings are to be con- 
nected in wye, T4, TS, and T6 are connected together. 
Motors not intended for wye-delta starting would 
have these connections made internally and only 
three leads would be supplied at the terminal connec- 
tion box. A motor with a delta connected stator, for 
example, would have Tl and T6 connected internally 
and a single lead labeled T1 would be provided for 
connection to the power line. Wye connected motors 
have T4, T5, and T6 connected internally. 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidaéor oC hapterfs). 


Editorial review has decmed that any su) 





sett dacs net materially affect the secrall leaming experience. Cengage Learning reserves the right te remeee additional onntent at any time if subsoquent rights restriction s require it. 


T5 T2 
DELTA CONNECTED STATOR WINDING 


T3 1 


T4 


T2 
WYE CONNECTED STATOR WINDING 


Figure 26-3 Standard lead numbers for single voltage motors. 


Miii/Dual Voltage Connections 


Motors that are intended to operate on two voltages 
such as 240 or 480 volts contain two separate windings 
for each phase (Figure 26-4). Notice that dual voltage 
motors actually contain 12 T leads. Dual voltage mo- 
tors not intended for wye-delta connection will have cer- 
tain terminals tied internally as shown in Figure 26—S. 
Although all three-phase dual voltage motors actually 
contain 12 T leads, only terminal leads T1 through T9 
are brought out to the terminal connection box for mo- 
tors not intended for wye-delta starting. 


Chapter 26 Wye-Delta Starting @ 269 


112 1 
. f » 
7 


T11 T8 T5 T2 


T6 


13 T10 


T8 


T5 


T2 


Figure 26—4 Standard lead numbers for dual voltage motors. 


If the motor is to be operated on the higher voltage, 
the stator leads will be connected in series as shown in 
Figure 26-6. If the motor is to be connected for opera- 
tion on the lower voltage the stator windings will be con- 
nected in parallel as shown in Figure 26-7. 

Although dual voltage motors designed for wye-delta 
starting will supply all 12 T leads at the terminal connection 
box, it is necessary to make the proper connections for high 
or low voltage. The connection diagrams for dual voltage 
motors with 12 T leads are shown in Figure 26-8. Note that 
the diagrams do not show connection to power leads. These 
connections are made as part of the control circuit. 
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TERMINAL LEADS T1 AND 112, T2 AND T10, AND T3 AND 111 
ARE TIED TOGETHER INTERNALLY IN DUAL VOLTAGE NINE 
LEAD MOTORS THAT HAVE THEIR STATOR WINDINGS 


CONNECTED IN DELTA. 


ic 
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71 
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TERMINAL LEADS 110, T11, AND T12 ARE CONNECTED 
TOGETHER IN DUAL VOLTAGE NINE LEAD MOTORS WITH 
THEIR STATOR WINDINGS CONNECTED IN WYE. 


Figure 26—5 Nine lead dual voltage motors have some stator 


windings connected together internally. 


Mii/Connecting the Stator Leads 


Wye-delta starting is accomplished by connecting the stator 
windings in wye during the starting period and then recon- 
necting them in delta for normal run operation. For sim- 
plicity, it is assumed that the motor illustrated is designed 
for single voltage operation and has leads T1 through T6 
brought out at the terminal connection box. If a dual 
voltage motor is to be connected, make the proper stator 
winding connections for high or low voltage operation 
and then change T4, T5, and T6 to T10, T11, and T12 in 
the following connections. A basic control circuit for wye- 
delta starting is shown in Figure 26-9. This circuit employs 
time delay to determine when the windings will change 
from wye to delta. Starting circuits that sense motor speed 
or motor current to determine when to change the stator 
windings from wye to delta are also common. 

When the START button is pressed, control relay 
CR energizes, causing all CR contacts to close. This im- 
mediately energizes contactors 1M and S. The motor 
stator windings are now connected in wye as shown in 
Figure 26-10 (on page 274). The 1M load contacts con- 
nect power to the motor, and the S contacts form a wye 
connection for the stator windings. 

The 1M auxiliary contact supplies power to the coil 
of timer TR. After a preset time delay, the two TR timed 
contacts change position. The normally closed contact 
opens and disconnects coil S, causing the S load contacts 
to open. The normally open TR contact closes and ener- 
gizes contactor coil 2M. The motor stator windings are 
now connected in delta (Figure 26-11). Note that the 2M 
load contacts are used to make the delta connection. A dia- 
gram showing the connection of all load contacts is shown 
in Figure 26-12. 

The most critical part of connecting a wye-delta 
starter is making the actual load connections to the 
motor. An improper connection generally results in the 
motor stopping and reversing direction when transition 
is made from wye to delta. It is recommended that the 
circuit and components be numbered to help avoid mis- 
takes in connection (Figure 26-13 on page 275). 
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Figure 26-6 High voltage connection for nine lead motors. 
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Figure 26-7 Low voltage connection for nine lead motors. 


iii/C\osed Transition Starting 


The control circuit discussed so far uses open transition 
starting. This means that the motor is disconnected from 
the power line during the transition from wye to delta. 
This may be objectionable in some applications if the 
transition causes spikes on the power line when the mo- 
tor changes from wye to delta. Another method that does 
not disconnect the motor from the power line is called 


closed transition starting. Closed transition starting is ac- 
complished by adding another three pole contactor and 
resistors to the circuit, Figure 26-14 (on page 276). The 
added contactor, designated as 1A, energizes momen- 
tarily to connect resistors between the power line and mo- 
tor when the transition is made from wye to delta. Also 
note that an on-delay timer (TR2) with a delay of 1 sec- 
ond has been added to the control circuit. The purpose of 
this timer is to prevent a contact race between contactors 
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HIGH VOLTAGE CONNECTION LOW VOLTAGE CONNECTION 
FOR STATOR WINDINGS FOR STATOR WINDINGS 


Figure 26-8 Stator winding connection for dual voltage 12 lead motors. 
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Figure 26-9 Basic control circuit for wye-delta starter using time delay. 
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Figure 26-10 Stator windings are connected in wye for starting. 
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Figure 26-11 Stator windings are connected in delta. 
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Figure 26-12 Stator windings with all contacts for wye-delta 
starting. 


S and 2M when power is first applied to the circuit. With- 
out timer TR2, it would be possible for contactor 2M to 
energize before contactor S. This would prevent the mo- 
tor from being connected in wye. The motor would start 
with the stator windings connected in delta. 


Iiii/Overload Setting 


Notice in Figure 26-12 that the overload heaters are con- 
nected in the phase windings of the delta, not the line. 
For this reason, the overload heater rating must be re- 
duced from the full load current rating on the motor 
nameplate. In a delta connection, the phase current will 
be less than the line current by a factor of the square 
root of 3 or 1.732. Assume, for example, that the name- 
plate indicates a full load current of 165 amperes. If the 
motor stator windings are connected in delta, the current 
flow in each phase would be 95.3 amperes (165/1.732). 
The overload heater size should be based on a current of 
95.3 amperes, not 165 amperes. 
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Figure 26-13 Load circuit connection for wye-delta starting. 
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Figure 26-14 Basic schematic diagram Sizes 1, 2, 3, 4, and 5 wye-delta starters with closed transition starting. 
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biiiReview Questions 


1. Name two requirements that must be met before 
a motor can be used for wye-delta starting. 


. The stator windings of a 2300 volt motor have an 
impedance of 6 omega when the motor is first 
started. What would be the in-rush current if the 
stator windings were connected in delta? 


. What would be the amount of in-rush current if 
the motor described in question 2 had the stator 
windings connected in wye? 


. Refer to the circuit shown in Figure 26-9. Assume 
that timer TR is set for a delay of 10 seconds. 
When the START button is pressed, the motor 
starts with its windings connected in wye. After 
a period of 1 minute, the motor has not changed 
from wye to delta. Which of the following could 
cause this condition? 

a. TR timer coil is open. 

b. S contactor coil is open. 

c. 1M starter coil is open. 

d. The control transformer fuse is blown. 


. Refer to the circuit shown in Figure 26-9. As- 
sume that timer TR is set for a delay of 10 sec- 
onds. When the START button is pressed, the 
motor does not start. After a delay of 10 seconds, 
the motor suddenly starts with its stator windings 
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connected in delta. Which of the following could 
cause this problem? 

a. TR timer coil is open. 

b. 2M contactor coil is open. 

c. S contactor coil is open. 

d. 1M starter coil is open. 


. Refer to the circuit shown in Figure 26-9. What is 


the purpose of the normally closed 2M and S con- 
tacts in the schematic? 


7. The motor nameplate of a wye-delta started 


10. 


motor has a full load current of 287 amperes. 
What current rating should be used to determine 
the proper overload heater size? 


. Refer to the circuit shown in Figure 26-14. 


When the motor changes from wye to delta, 
what causes contactor coil S to de-energize and 
open S contacts? 


. Refer to the circuit shown in Figure 26-14. 


What is the purpose of timer TR2? 


Refer to the circuit shown in Figure 26-14. 
When the START button is pressed, the control 
transformer fuse blows immediately. Which of 
the following could not cause this problem? 

a. Control relay coil CR is shorted. 

b. Starter coil 1M is shorted. 

c. Contactor coil S is shorted. 

d. Contactor coil 2M is shorted. 
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Chapter 27 








Part winding starting is another method of reducing the starting current of squirrel 
cage induction motors. Motors designed to be used for part winding starting contain 
two separate stator windings (Figure 27-1). The stator windings may be wye or delta 
connected depending on the manufacturer. These two windings are designed to be con- 
nected in parallel with each other. When the motor is started, only one of the wind- 
ings is connected to the power line. Because only half the motor winding is used during 
starting, this method of starting is called part winding starting. Part winding starting 
reduces the normal locked rotor current to approximately 66 percent of the value if 
both windings are connected during starting and the torque is reduced to approximately 


DELTA CONNECTED MOTOR 
i Trg 


WYE CONNECTED MOTOR 





Figure 27—1 Motors designed for part winding starting contain 
two stator windings intended to be connected in parallel with 
each other. 


Objectives 
After studying this chapter 
the student will be able to: 


>> Describe the construction of 
a motor designed to be used for 
part winding starting. 


>> Discuss three step starting 
for part winding motors. 


>> Draw a control circuit fora 
part winding starter. 


>> Connect a motor for part 
winding starting. 


279 
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Figure 27-2 Part winding starter. 


50 percent. It should be noted that neither of the two 
windings is individually capable of withstanding the start- 
ing current for more than a few seconds. The first winding 
will overheat rapidly if the second windings is not con- 
nected within a very short period of time. As a general rule, 
a time delay of 2 to 3 seconds is common before the second 
winding is connected in parallel with the first. 

Part winding starting is accomplished by bringing out 
both sets of motor leads so that external connection is pos- 
sible (Figure 27-2). When the START button is pressed, 
motor starter 1M energizes and connects the first motor 
windings to the line. The normally open 1M auxiliary con- 
tact closes and starts on-delay timer TR. After a 2-second 
time delay, timed contact TR closes and energizes motor 
starter 2M. This causes the 2M load contacts to close and 
connect the second stator winding to the power line. 
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Mi!!/Overload Protection 


Note that two motor starters are used in the circuit, 
and each contains an overload relay. Each winding is 
individually protected by thermal overload heaters. 
The heaters for each overload relay should be sized at 
one-half the motor nameplate current. The contacts of 
both overload relays are connected in series so that an 
overload on either relay will disconnect both motor wind- 
ings. It should also be noted that because each starter 
carries only half the full load current of the motor, the 
starter size can generally be reduced from what would be 
required for a single starter. Another advantage of part 
winding starters is that they provide closed transition 
starting because the motor is never disconnected from 
the power line during the starting time. 
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Mii//Dual Voltage Motors 


Some, but not all, dual voltage motors may be used for 
part winding starting. The manufacturer should be con- 
tacted before an attempt is made to use a dual voltage 
motor in this application. Delta connected dual voltage 
motors are not acceptable for part winding starting. When 
dual voltage motors are used, the motor must be operated 
on the low voltage setting of the motor. A 240/480-volt 
motor, for example, could only be operated on 240 volts. 
A dual voltage motor connection is shown in Figure 27-3. 
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Figure 27—3 Dual voltage motor used for part winding starting. 
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Motor terminal leads T4, T5, and T6 are connected to- 
gether forming a separate wye connection for the motor. 


Iiii/Motor Applications 


Part winding starting is typically used for motors that 
supply the moving force for centrifugal pumps, fans, and 
blowers. They are often found in air conditioning and re- 
frigeration applications. They are not generally employed 
to start heavy inertia loads that require an excessive 
amount of starting time. 
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biiThree Step Starting 


The thermal capacity of the stator windings greatly lim- 
its the length of starting time for a part winding motor. 
To help overcome this problem, it is possible to provide a 
third step in the starting process and further limit start- 
ing current. This is accomplished by connecting resis- 
tance in series with the stator winding during the starting 
period (Figure 27-4). The resistors are generally sized to 
provide about 50 percent of the line voltage to the sta- 
tor winding when the motor is first started. This provides 
approximately three equal increments of starting for the 


motor. In the circuit shown in Figure 27-4, when the 
START button is pressed, motor starter 1M energizes 
and connects one of the stator windings to the power 
line through the series resistors. After a delay of 2 sec- 
onds, TR1 timed contact closes and energizes contactor 
S. The S load contacts close and shunt the resistors out 
of the line. One stator winding is now connected to full 
line voltage. 

After another 2-second delay, motor starter 2M 
energizes and connects the second stator winding to the 
power line. The motor now has both stator windings 
connected to full voltage. 
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Figure 27—4 Three step starting for part winding motor. 
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Miii/Automatic Shutdown 


Part winding motors are very sensitive to the length of 
time that one winding can be connected before thermal 
damage occurs. If the second winding is not connected 
to the power line within a short period of time, the first 
winding can be severely damaged. To help prevent dam- 
aging the first winding, some circuits contain a timer that 
disconnects power to the motor if the second winding is 
not energized within a predetermined time. This timer 
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is often called a watchdog timer because its function is 
to watch for proper operation of the circuit each time 
the motor is started. A circuit with a watchdog timer is 
shown in Figure 27-5. Watchdog timers are often set for 
twice the amount of time necessary for the second wind- 
ing to energize. When the START button is pushed, the 
watchdog timer begins its count. If the circuit operates 
properly, the normally closed 2M auxiliary contact will 
disconnect the timer before it times out and de-energizes 
control relay CR. 
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Figure 27-5 Watchdog timer disconnects the motor if the second winding does not energize. 
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Mii/Review Questions 


1. A dual voltage 240/480-volt motor is to be used 


start. Which of the following could not cause this 
problem. 
a. The control transformer fuse is blown. 


for part winding starting. Which voltage must be 
used and why? 


. Are the stator windings of a motor designed for part 
winding starting connected in parallel or series? 


. The nameplate of a part winding motor indicates 
a full load current rating of 72 amperes. What cur 
rent rating should be used when sizing the over 
load heaters? 


. What is a watchdog timer? 


5. Refer to the circuit shown in Figure 27-5. When 


the START button is pressed, the motor does not 


b. Overload contact #2 is open. 
c. TR1 timer coil is open. 
d. Control relay coil CR is open. 


. Refer to the circuit shown in Figure 27-5. When 


the START button is pressed, the motor does not 
start. After a 4-second time delay control relay CR 
de-energizes. Which of the following could cause 
this problem? 

a. TR1 timer coil is open. 

b. 1M starter coil is open. 

c. CR coil is open. 

d. 2M starter coil is open. 
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Chapier 28 





Direct current motors have been used in industry for many years. Their speed can 
be controlled from zero to maximum RPM. and they have the ability to develop 
very high torque at low speed. Direct current motors operate on the principle of at- 
traction and repulsion of magnetism, not rotating magnetic fields as do alternating 
current poly-phase motors. Direct current motors can be divided into three basic 
types—series, shunt, and compound. The operating characteristics of each depend 
on the type of field and armature windings in the motor. 


Dii/Field Windings 


Two types of field windings are used in DC motors: series and shunt. Series field wind- 
ings are constructed with a relatively few turns of large wire and have a very low resis- 
tance. They are connected in series with the armature. Series field windings are marked 
S1 and 82 in the terminal connection box. 

Shunt field windings contain many turns of relatively small wire. They are con- 
nected in parallel with the armature and exhibit a much higher resistance than the 
series field winding. Shunt field windings are marked F1 and F2 in the terminal 
connection box. 


Mii/Armature Windings 


The three basic types of armature windings are lap, wave, and frogleg. Lap wound 
armatures are constructed with a relatively few turns of large wire. They are com- 
monly used in machines that are intended to operate on low voltage and high cur- 
rent, such as starter motors in automobiles, streetcars, and trolleys. Lap wound 
armatures have their windings connected in parallel with each other (Figure 28-1). 

Wave wound armatures are intended for used in high voltage, low current ma- 
chines, such as high voltage generators. The armature windings are connected in se- 
ries (Figure 28-2). In a generator, the voltage produced in each winding combines, 
to increase the total output voltage. In a motor, the voltage applied to the circuit is 
divided across each winding. 

Frogleg wound armatures are probably most used in large industrial machines. 
They are intended for use in moderate voltage circuits. The windings in a frogleg wound 
armature are connected in series-parallel (Figure 28-3). Regardless of the type arma- 
ture used, the brush or armature leads are identified as Al and A2 in the terminal 
connection box. 





Objectives 


After studying this chapter 
the student will be able to: 


>> List the major types of direct 
current motors. 


>> Explain the difference 
between series and shunt field 
windings. 


>> Discuss different types of 
armature windings. 


>> Describe operating char- 
acteristics of different types of 
direct current motors. 


>> Discuss methods of limiting 
in-rush current. 


>> Describe the function of a 
field loss relay. 


>> Discuss methods of manual 
speed control for direct current 
motors. 


>> Determine the direction 
of rotation of a direct current 
motor. 
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Figure 28-1 Lap wound armatures have their windings 
connected in parallel. 


= een eee a 


Figure 28-2 Wave wound armatures have windings connected 


in series. 





Figure 28-3 Frogleg wound armatures have windings connected 


in series-parallel. 


Mi!!/Series Motors 


Series motors contain only a series field connected in 
series with the armature (Figure 28-4). Because the 
armature and series fields are connected in series, they 
will have the same amount of current flow. An increase 
in armature current produces a corresponding in- 
crease in field current. Series motors can develop very 
high torque and are used as automobile starters and to 
power electric streetcars and trolleys. For many years 
they have been used to drive the wheels of diesel-electric 
locomotives. 

Series motors operate on the principle of attraction 
and repulsion of magnetism. The amount of torque they 





Figure 28-4 Series DC machines contain a series field 
connected in series with the armature. 


develop depends on the magnetic field strength or flux 
density of the armature magnetic field and the magnetic 
field produced by the pole pieces (Figure 28-5). The mo- 
tor’s torque increases by the square of the motor cur- 
rent. Each time the motor’s current doubles, the torque 
increases four times. 

Series type motors do have one undesirable oper- 
ating characteristic. They have almost no upper speed 
limit if operated without a load. Series motors should 
be connected either directly to the load or with gears. 
They should not be connected with belts or chains 
that can break. Large series motors can attain a great 
enough speed that centrifugal force will sling the wind- 
ings out of the armature slots and the bars out of the 
commutator. In an unloaded condition, the only speed 
limiting factors are windage loss, bearing friction, and 
brush friction. 

Speed control for a series motor is generally obtained 
by connecting resistance in series with the armature 





Figure 28-5 Torque of a direct current motor is determined 
by the flux density of the armature magnetic field and the pole 
pieces. 
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MANUAL 
CONTROLLER 


Figure 28-6 Series motors are controlled by connecting 
resistance in series with the armature. 


(Figure 28-6). Manual type controllers are often used to 
determine the amount of resistance that is connected in 
series. The controller illustrated in Figure 28—6 is a make- 
before-break type. The controller is designed to make 
connection with another resistor before it breaks connec- 
tion with the one to which it is connected. This provides 
closed transition starting for the motor. 


Mii!/Shunt Motors 


Shunt motors have the shunt field connected in paral- 
lel with the armature (Figure 28-7). Because the shunt 
field is connected in parallel with the armature, the ar- 
mature voltage supplies the current to the field wind- 
ing. This connection produces a relatively constant 
current flow through the field, providing a stable mag- 
netic field in the pole pieces. Because the magnetic field 
of the pole pieces is stable, the motor speed is relatively 
constant from no load to full load. Shunt motors are 
often called constant speed motors. Adding load to the 
motor results in a reduction of speed (Figure 28-8), 
but the shunt motor’s speed is very constant compared 
to that of a series motor. The differential in speed from 
no load to full load is referred to as speed regulation. 
The speed regulation of a direct current motor is pro- 
portional to the armature resistance. Motors that have 
a very low armature resistance will have a better speed 
regulation. 

If reducing the starting current of a shunt motor is 
necessary, it is accomplished by connecting resistance 
in series with the armature (Figure 28-9). In the circuit 
shown, the motor has three steps of starting. When the 
START button is pressed, both resistors are connected 
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Figure 28-7 A shunt motor has the shunt field connected in 
parallel with the armature. 


SHUNT MOTOR 


RPM 


SERIES MOTOR 
MOTOR LOAD (ARMATURE CURRENT) 


Figure 28-8 Speed characteristics of series and shunt motors. 


in series with the armature. The resistors are shunted out 
of the circuit with a 3-second time delay between each 
step. In the example circuit, the motor is connected to a 
source of direct current, but the control system is con- 
trolled by alternating current. This is a common practice 
in industry. 

When full line voltage is applied to both the arma- 
ture and shunt field, the motor is said to operate at base 
or normal speed. If full voltage is applied to the shunt 
field and reduced voltage is applied to the armature, the 
motor operates at below normal speed or under speed 
(Figure 28-10). If full voltage is applied to the arma- 
ture and reduced voltage is applied to the shunt field, 
the motor operates at above normal speed or over speed 
(Figure 28-11). 
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Figure 28-9 Three steps of starting for a DC shunt motor. 


Connecting resistance in the shunt field causes the 
motor to operate at a higher speed because: 


* Added resistance causes less current flow through 
the shunt field. 


* Less current flow reduces the flux density in the pole 
pieces. 


* Less flux density results in a reduction of counter 
EMF produced in the armature. 


+ 
I 


Figure 28-10 Under speed is accomplished by connecting 
full voltage to the shunt field and reduced voltage to the 
armature. 


Al Or 


+ 
' 


Figure 28-11 Over speed is accomplished by connecting full 
voltage to the armature and reduced voltage to the 
shunt field. 


Less counter EMF causes an increase of armature 
current. 


Increased armature current produces a stronger 
magnetic field around the armature. 


Although the field flux has been reduced, the arma- 
ture flux increases by a much greater amount result- 
ing in a net gain in torque. 


Increased torque causes the motor speed to increase. 
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fi//Compound Motors 


Compound motors are so named because they contain 
both a series and shunt fields (Figure 28—12). Compound 
motors are the most used DC motors in industry. They 
combine the high torque characteristics of series motors 
with the speed regulation of shunt motors. Although 
their speed regulation is not as good as a shunt motor, it 
is much better than the series motor (Figure 28-13). The 
constant voltage applied to the shunt field provides a sta- 
ble amount of flux to the pole pieces to control speed. As 
load is added to the motor, armature current increases, 
causing the series field to become stronger and produce 
more torque. 


Al is A2 S1 $2 


Figure 28-12 Compound motors contain both series and shunt 


field windings. 
= 
ee SHUNT MOTOR 
COMPOUND MOTOR 
SERIES MOTOR 


MOTOR LOAD (ARMATURE CURRENT) 


Figure 28-13 Speed characteristics of series, shunt, and 
compound motors. 
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Iiii/Field Loss Relay 


Compound motors generally employ a field loss relay 
(FLR) that is intended to disconnect the motor from the 
power line in the event that shunt field current should 
be interrupted or drop below an acceptable level (Figure 
28-14). The field loss relay is a current relay. The coil of 
the FLR connects in series with the shunt field windings. 
When enough current flows through the FLR, a normally 
open contact closes. If the current should drop below a 
predetermined level, the contact will open. In the cir- 
cuit shown in Figure 28-14, when the START button is 
pressed, a circuit is completed to M starter coil causing 
both the M load contact and M auxiliary contact to close. 
When the M load contact closes, it provides power to both 
the armature and shunt field. The current flow through 
the coil of the field loss relay causes the FLR contact to 


Al on A2 $1 $2 


pe of 


ra 


FLR M 


Figure 28-14 The field loss relay opens the circuit in the 
event that current flow through the shunt field drops below an 
acceptable level. 
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close. After the START button is released, both the FLR 
and M auxiliary contacts must remain closed to permit 
M starter to remain energized. If current flow through 
the shunt field should drop below an acceptable level, the 
FLR contact opens and de-energizes M starter. 

Because compound motors contain both a series and 
shunt field winding, if current flow through the shunt 
field should be interrupted, the motor suddenly becomes 
a series motor. This change could cause the motor to 
over speed and damage the motor or driven machinery. 


MiiiExternal Shunt Field Control 


Many compound motors employ a separate DC power sup- 
ply to provide the current for the shunt field and armature 
(Figure 28-15). Shunt field current and armature current 





ats Ne 


FLR 


M 


Figure 28-15 The shunt field current is provided by a separate 
power supply. 


can be controlled by the amount of voltage produced by 
the power supply. Most large direct current motors are con- 
trolled in this way. Solid-state power supplies provide the 
power necessary to operate the motor. If the shunt field is 
connected to a separate power source, it is common prac- 
tice to leave the shunt field energized even when the motor 
is not operating. The heat produced by the shunt field pre- 
vents moisture from forming in the motor windings. 

Some direct current compound motors actually con- 
tain two separate shunt fields. This is often the case if 
the motor is intended to be operated above the normal 
or base speed. The use of two shunt field windings en- 
sures that one is in the circuit to provide some amount 
of constant magnetic flux to the pole pieces. The second 
winding is connected to a variable voltage power supply 
and is used to control the motor above normal speeds 
(Figure 28-16). When a motor contains two separate 





Figure 28-16 Two separate shunt fields are often used when 
the motor is to be operated above normal speed or base speed. 
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Figure 28-17 The compounding determines the speed regulation 
of a compound motor. 


shunt fields, one is labeled F1 and F2, and the other is 
labeled F3 and F4. 


Miiii/Controlling Compounding 


Compounding is the term used to indicate the relative 
strength of the series and shunt fields. If the series and 
shunt fields are balanced, the series field compensates 
for any motor losses and causes the motor to operate at 
almost constant speed from no load to full load. This 
condition is called flat compounding (Figure 28-17). If 
the series field is too strong and produces an excessive 
amount of magnetic flux as load is added to the motor, 
the speed will be greater at full load than it was at no 
load. This is called over compounding. If the series field 
does not produce enough magnetic flux as load is added 
to the motor, it will not compensate for motor losses and 
the full load speed will be less than the no load speed. 
This is called under compounding. 

Because the amount of magnetic flux produced by 
the series field is the factor that determines compound- 
ing, controlling the current flow through the series field 
will control the amount of compounding. Controlling 
compounding is accomplished by connecting a resistor 
in parallel with the series field (Figure 28-18). This re- 
sistor is called the series field shunt rheostat or the series 
field diverter. Its function is to divert part of the current 
away from the series field making it produce less mag- 
netic flux. 


Chapter 28 Direct Current Motors @ 291 


ra S2 





Figure 28-18 The series field shunt rheostat diverts part of the 
current away from the series field. 


/ii/Curnulative and Differential 
Compounding 


Compound direct current motors can also be connected 
as cumulative or differential compound. When a direct 
current compound motor is constructed, both the series 
and shunt field windings are wound on each pole piece 
(Figure 28-19). When both fields are connected in such a 
manner that current flows in the same direction through 
each, they aid each other in the production of magne- 
tism because each field produces the same magnetic po- 
larity (Figure 28-20). This condition is called cumulative 
compounding. 

If the series and shunt fields are connected in such 
a manner that the current flows in opposite directions 
through the fields, they oppose each other in the pro- 
duction of magnetism because each field produces the 
opposite magnetic polarity (Figure 28—21). This condi- 
tion is called differential compounding. Although there 
are some applications for differentially compounded 
motors, it is generally a connection to be avoided. If a 
differentially compounded motor is started at no load, 
the shunt field determines the direction or rotation. 
As load is added to the motor, the series field becomes 
stronger as armature current increases. The motor 
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Figure 28-19 Both series and shunt field windings are wound on 


the same pole piece. 





Figure 28-20 Motors are cumulative compounded when the 


current flow through both the series and shunt fields produce the 
same magnetic polarity. 





Figure 28-21 Motors are differential compounded when the 
current flow through the series and shunt fields produce the 
opposite magnetic polarity. 


speed reduces rapidly as load is added to the motor. If 
the load becomes great enough, the series field becomes 
strong enough to change the polarity of the pole pieces. 
This causes the motor to reverse direction and operate 
as a series motor. 


MijiiTesting the Motor for 
Cumulative or Differential 
Compounding 


When compound motors are installed, they should be 
tested to determine whether they are connected for cu- 
mulative or differential compounding. Although the 
series and shunt field markings should indicate the 
proper connection, in some cases these markings have 
been found to be incorrect. As stated previously, when a 
compound motor is operated without a connected load, 
the shunt field determines the direction of rotation. To 
test a compound motor for cumulative or differential 
compounding: 
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¢ Disconnect the motor from the load. 


¢ Disconnect the shunt field at the terminal connec- 
tion box. 


* The motor is now connected as a series motor. “Bump” 
the motor by momentarily connecting it to power just 
long enough to observe the direction of rotation. 


Reconnect the shunt field and connect the motor to 
power. 


¢ If the motor turns in the same direction, the fields 
are connected cumulative compound. If the motor 
turns in the opposite direction, the fields are con- 
nected differential compound. The compounding 
can be changed by reversing connection to either the 
series or shunt field winding. 


Mi!/Direction of Rotation 


The direction of rotation of a direct current motor can 
be reversed by changing the magnetic polarity of either 
the pole pieces or the armature, but not both. Small 
shunt motors often employ a switch that reverses the di- 
rection of current flow through the field winding (Fig- 
ure 28-22). This is often done with shunt type motors 
because the amount of field current is generally less than 
the armature current, permitting a switch with a lower 
current rating to be used. 

The most common way of reversing the direction 
of rotation for a direct current motor is to reverse the 
direction of current flow through the armature. This is 
especially true of compound motors because the motor 
contains both series and shunt fields. Reversing the ar- 
mature leads removes any danger of changing a cumu- 
lative compound motor into a differential compound 
motor. A forward-reverse control for a direct current 
compound motor is shown in Figure 28-23. The control 
circuit is the same as that used for reversing the direction 
of rotation of a poly-phase motor discussed previously. 
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Figure 28-22 A double-pole double-throw (DPDT) switch can be 
used to reverse the current direction through the shunt field. 


The load part of the circuit, however, causes the direc- 
tion of current flow through the armature to change de- 
pending on which contactor is energized. 


Iii/Determining the Direction 
of Rotation 


If the leads of a direct current motor have been labeled 
in a standard manner, the direction of rotation can be 
determined when the motor is connected. Direction of 
rotation is determined by facing the commutator end 
of the motor, which is generally the rear of the motor. 
The standard connections for series, shunt, and com- 
pound motors are shown in Figure 28-24. A cut-away 
view of a direct current motor showing the commutator, 
brushes, armature windings, and field windings is shown 
in Figure 28-25. 
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Figure 28-23 Forward-reverse control for a direct current compound motor. 
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Figure 28-24 Determining direction of rotation of direct current motors. 
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Figure 28-25 ADC motor with visible commutator, brushes, armature windings, and field 
windings. 
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Ui/Review Questions 6. How can a compound motor be operated at 


below normal speed or under speed? 


1. What is the principle of operation of a direct 


current motor? 7. How can a compound motor be operated at 
urrent m é 


above normal speed or over speed? 
2. What are the three basic types of direct current 


8. What is the characteristic of a motor that is flat 
motors? 


compounded? 

3. Explain the differences between series and shunt 
field windings in construction and how they are 
connected in the motor. 


9. Explain the difference between cumulative and 
differential compounding. 


10. What is the most common method of reversing 


4. What type of armature winding is generally used the direction of rotation of a direct current motor? 


for machines designed to operate on low voltage 


and high current? 11. A direct current shunt motor is to be operated in 
the counterclockwise direction. Should the A1 or 
5. What type of direct current motor is generally AS lad he connected tain] Pi lead? 


referred to as a constant speed motor? 
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Chapter 29 





Although most motors used in industry are three phase, there are many applications 
for single phase motors. They operate on either 120 or 240 volts, are small horse- 
power, and almost all are intended to be started across-the-line. Some are designed 
for single voltage operation, and others are dual voltage. Unlike three phase motors 
that operate on the principle of a rotating magnetic field, different types of single 
phase motors operate on different principles. Some do operate on the principle of a 
rotating magnetic field, but others do not. The most prevalent type of single phase 
motor that may require different starting methods is the split phase motor. Split 
phase motors do operate on the principle of a rotating magnetic field. In order to 
produce a rotating magnetic field, there must be more than one phase. Split phase 
motors are so named because they split one phase into two phases to imitate a two 
phase power system. A two phase power system produces two separate voltages 90 
degrees out of phase with each other (Figure 29-1). 

In order to split one phase into two, split phase motors contain two separate 
windings: the run winding and the start winding (Figure 29-2). The run and start 
windings are connected in parallel with each other. 

The three types of split phase motors are resistance start induction run, ca- 
pacitor start induction run, and capacitor-start capacitor-run. The resistance 
start induction run and the capacitor start capacitor run motors must disconnect 
the start winding when the motor reaches about 75 percent of its rated speed. 
The capacitor start induction run motor has a capacitor connected in series with 
the start winding to increase the starting torque of the motor (Figure 29-3). 
The capacitor increases the starting torque by producing a greater phase shift 
between the current in the run winding and the current in the start winding. 
Maximum starting torque is developed when the run-winding current and start- 
winding current are 90 degrees out of phase with each other. The start windings 
of resistance start induction run and capacitor start induction run motors are 
designed to remain in the circuit for only a very short period of time and will be 
damaged if they are not disconnected. Capacitor-start capacitor-run motors are 
so designed that the start windings are not disconnected from the circuit. These 
motors operate very similar to true two phase motors. They are generally used 
as the compressor motor for central air conditioning systems in homes and to 
power ceiling fans and other appliances that do not require some method of dis- 
connecting the start winding. 





Objectives 
After studying this chapter, 
the student will be able to: 


>> Discuss the operation of 
single phase motors. 


>> List different types of split 
phase motors. 


>> Discuss different starting 
methods for split phase motors. 


>> Reverse the direction of 
rotation for a split phase motor. 


>> Connect a dual voltage 
motor for operation on either 
240 or 120 volts. 
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Figure 29-1 Two phase alternator. 
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Figure 29-2 The run winding and start winding are connected in parallel with each other. 
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Figure 29-3 The starting capacitor produces a 90 degree phase shift between run-winding current and start-winding current. 


MiiiiCentrifugal Switch 


Split phase motors intended to operate in the open using 
a centrifugal switch connected to the shaft of the rotor 
(Figure 29-4). The centrifugal switch is operated by 
springloaded counterweights. When the rotor reaches a 
certain speed, the counterweights overcome the springs 
and open the switch, disconnecting the start winding 
from the power line. 

Some capacitor-start capacitor-run motors, some- 
times referred to as permanent split capacitor motors, 
employ the use of a starting capacitor as well as a running 
capacitor. The starting capacitor is used to provide ex- 
tra torque during the starting period and must be dis- 
connected after the motor reaches about 75 percent of 
rated speed. Open case motors generally use a centrifugal 
switch to perform this function, Figure 29-5. An 
exploded view of a capacitor-start capacitor-run motor 
with extra starting capacitor is shown in Figure 29-6. 


Oe NaCl ail 


SWITCH CONTACTS 





Figure 29-4 Centrifugal switch. 
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Figure 29-5 Open case motors use a centrifugal switch to disconnect the start capacitor. 
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Figure 29-6 Exploded view of a capacitor-start capacitor-run motor with extra starting capacitor. 


HA Hot-Wire Sta rting Relay the start winding. Although the hot-wire relay is seldom 

used anymore, it is found on some older units that are 
Centrifugal switches cannot be used on all types of split still in service. The hot-wire relay functions as both a 
phase motors, however. Hermetically sealed motors starting relay and an overload relay. In the circuit shown 
used in refrigeration and air conditioning, or submerged in Figure 29-7, it is assumed that a thermostat controls 
pump motors, must use some other means to disconnect the operation of the motor. When the thermostat closes, 
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Figure 29-7 Hot-wire relay connection. 





Figure 29-8 Hot-wire type of starting relay. 


current flows through a resistive wire and two normally 
closed contacts connected to the start and run windings 
of the motor. The starting current of the motor is high, 
which rapidly heats the resistive wire causing it to ex- 
pand. The expansion of the wire causes the springloaded 
start-winding contact to open and disconnect the start 
winding from the circuit, reducing motor current. If the 
motor is not overloaded, the resistive wire never becomes 
hot enough to cause the overload contact to open, and 
the motor continues to run. If the motor should become 
overloaded, however, the resistive wire expands enough 


START CAPACITOR 
Ss 


MOTOR 


to open the overload contact and disconnect the motor 
from the line (Figure 29-8). 


[ii/Current Relay 


The current relay operates by sensing the amount of current 
flow in the circuit. This type of relay operates on the prin- 
ciple of a magnetic field instead of expanding metal. The 
current relay contains a coil with a few turns of large wire 
and a set of normally open contacts (Figure 29-9). The coil 
of the relay is connected in series with the run winding of 
the motor, and the contacts are connected in series with the 
start winding as shown in Figure 29-10. When the thermo- 
stat contact closes, power is applied to the run winding of 
the motor. Because the start winding is open, the motor 
cannot start. This causes a high current to flow in the run- 
winding circuit. This high current flow produces a strong 
magnetic field in the coil of the relay, causing the normally 
open contacts to close and connect the start winding to the 
circuit. When the motor starts, the run-winding current is 
greatly reduced, permitting the start contacts to reopen and 
disconnect the start winding from the circuit. 
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Figure 29-9 Current type of starting relay. 
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Iii/Solid-State Starting Relay 


The solid-state starting relay is rapidly replacing the cur- 
rent starting relay. The solid-state relay uses a solid-state 
component called a thermistor, and therefore has no 
moving parts or contacts to wear or burn. A thermistor 
exhibits a rapid change of resistance when the tempera- 
ture reaches a certain point. This particular thermistor 
has a positive coefficient of resistance, which means that 
it increases its resistance with an increase of temperature. 
The schematic diagram in Figure 29-11 illustrates the 
connection for a solid-state starting relay. 

When power is first applied to the circuit, the 
resistance of the thermistor is relatively low, 3 or 
4 ohms, and current flows to both the run and start 
windings. As current flows through the thermistor 
its temperature increases. When the temperature be- 
comes high enough, the thermistor suddenly changes 
from a low resistance to a high resistance reducing the 
start-winding current to approximately 30 to 50 mA. 


Figure 29-10 Current relay connection. 


i} 


THERMOSTAT 






120 VAC 





Figure 29-11 Solid-state starting relay circuit. 
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This has the effect of disconnecting the start winding 
from the circuit. Although a small amount of leakage 
current continues to flow, it has no effect on the opera- 
tion of the motor. This leakage current maintains the 
temperature of the thermistor and prevents it from re- 
turning to a low resistance while the motor is in opera- 
tion. When the motor is stopped, a cooldown period of 
2 or 3 minutes should be allowed to permit the thermis- 
tor to return to a low resistance. 


fiji/Potential Starting Relay 


The potential starting relay is used with the capacitor- 
start capacitor-run or permanent split capacitor motor. 
This type of split phase motor does not disconnect the 
start windings from the circuit. Because the start wind- 
ing remains energized, it operates very similarly to a 
true two phase motor. All of these motors contain a 
run capacitor that remains connected in the start wind- 
ing circuit at all times. Many of these motors contain a 
second capacitor that is used during the starting period 
only. This capacitor must be disconnected from the cir- 
cuit when the motor reaches about 75 percent of its rated 
speed. Open case motors generally use a centrifugal 
switch to perform this function, but hermetically sealed 
motors generally depend on a potential starting relay 
(Figure 29-12). The potential relay operates by sensing 
the increase of voltage induced in the start winding when 
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Figure 29-12 Potential relay connection. 
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the motor is in operation. The coil of the relay is con- 
nected in parallel with the start winding of the motor. 
A normally closed SR contact is connected in series with 
the starting capacitor. When power is connected to the 
motor, both the run and start windings are energized. 
At this time, both the run and start capacitors are con- 
nected in the start-winding circuit. 

The rotating magnetic field of the stator induces a 
current in the rotor of the motor. As the rotor begins to 
turn, its magnetic field induces a voltage into the start 
winding, increasing the total voltage across the wind- 
ing. Because the coil of the potential relay is connected 
in parallel with the start winding, this voltage increase 
is applied to it also, causing the normally closed contact 
connected in series with the starting capacitor to open 
and disconnect the starting capacitor from the circuit 
(Figure 29-13). 


Ii/Dual Voltage Motors 


Some split phase motors can be connected to operate on 
either 120 or 240 volts. This is accomplished by provid- 
ing two sets of run windings. Some motors also provide 
two sets of start windings, and other motors use only one 
start winding. When two sets of start windings are used, 
the run windings are labeled T1 through T4, and the 
start windings are labeled TS through T8 (Figure 29-14). 


Lo 
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Figure 29-13 Potential starting relay. 





Figure 29-14 Standard labels for dual voltage single phase 


motors. 


When the motor is connected for operation on 240 volts, 
the two run and two start windings are connected in 
series with each other. The start windings are then con- 
nected in parallel with the run windings (Figure 29-15). 
If the motor is to be connected for 120-volt operation, 
the run and start windings are connected in parallel 
(Figure 29-16). 


u1 


240 
VOLTS 





Figure 29-15 A 240-volt connection for split phase motor with 
two run and two start windings. 


Some dual voltage split phase type motors con- 
tain only one start winding instead of two. These 
motors will have six T leads in the terminal connec- 
tion box instead of eight. The run windings are labeled 
Tl through T4, but the terminals of the start windings 
may be labeled as TS and T6 or as TS and T8 depend- 
ing on the manufacturer. If the motor is connected for 
120-volt operation, the run and start windings are con- 
nected in parallel (Figure 29-17). If the motor is con- 
nected for 240-volt operation, the two run windings 
are connected in series with each other and the start 
winding is connected in parallel with one of the run 
windings (Figure 29-18). Because the two run wind- 
ings are connected in series with each other, each has 
a voltage drop of approximately 120 volts. Because the 
start winding is connected in parallel with one of the 
run windings, it will have an applied voltage of approx- 
imately 120 volts. 


Mii/Reversing the Direction 
of Rotation 


The direction of rotation of a split phase motor can be 
reversed by changing the run or start windings in relation 
to each other. Motors that permit reversal of direction 
bring the run-winding or start-winding leads out at the 
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Figure 29-16 A 120-volt connection for split phase motor with two run and two start windings. 





L1 


120 VOLTS 


N 


CENTRIFUGAL SWITCH 







4a Druin 


T6 OR T8 
O 


Figure 29-17 A 120-volt connection for split phase motor with two run windings and one start winding. 
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Figure 29-18 A 240-volt connection for split phase motor with 


two run windings and one start winding. 


terminal connection box. The most common method is 
to reverse the start winding because this does not inter- 
fere with the run-winding connection of a dual voltage 
motor (Figure 29-19). 

Direction of rotation is determined by facing the 
rear of the motor. If the windings are labeled in a stan- 
dard manner, the direction of rotation can be determined 
when the motor is connected (Figure 29-20). Connecting 
the TS lead to the T1 lead results in clockwise rotation. 
Connecting the TS lead to the T4 lead will result in coun- 
terclockwise rotation. 


Iiii/Multispeed Motors 


Some single phase motors are designed to be operated 
at more than one speed. There are two ways of mak- 
ing a motor that operates on more than one speed. One 
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Figure 29-19 Reversing the start- and run-winding leads in relation to each other will reverse the direction of rotation of a split 
phase motor. 
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Figure 29-20 Determining direction of rotation for a split phase motor. 
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method is to change the number of stator poles in the 
motor. The speed of a rotating magnetic field is called 
the synchronous speed and is determined by two factors: 


* The number of stator poles 
* Frequency of the applied voltage 


Motors that change speed by changing the number of 
stator poles are called consequent pole motors. They 
accomplish this by changing the direction of current 
flow through the run windings. The windings shown 
in Figure 29-21 have current flowing through them in 
the same direction. This produces the same polarity of 
magnetic field in each, and they basically form one pole. 
If the windings are reconnected in such a manner that 
current flows through each in a different direction, two 
magnetic poles are formed instead of one (Figure 29-22). 
The number of poles has now been doubled, causing the 
synchronous speed to decrease. 

Consequent pole motors have the advantage of 
maintaining high torque when the speed is reduced. For 


L1 


L2 
ae 


Figure 29-21 The direction of current flow through each winding 


is the same, forming one magnetic pole. 


Lio 


Figure 29-22 The direction of current flow through each winding 


is different, forming two different magnetic poles. 
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this reason, they are used in two-speed air conditioning 
compressors for central cooling system. 


Iiii/Multispeed Fan Motors 


Another very common multispeed single phase motor 
is used to operate fans and blowers. These motors gen- 
erally have three to five speeds and cannot be used for 
applications that require high torque. Multiple speeds 
are obtained by connecting inductance in series with 
the main run winding (Figure 29-23). In order for mo- 
tors of this type to operate without damage to the sta- 
tor, they are wound with high impedance windings. For 
this reason, they do not have the ability to develop high 
torque. A selector is often used to change speeds by in- 
serting one or more windings in series with the main 
run winding. 

Multispeed motors of this type cannot employ a 
centrifugal switch to disconnect the start winding. The 
two types of single phase motors used for this applica- 
tion are capacitor start capacitor run and shaded pole. 
Shaded pole motors are used in applications where it is 
not necessary to reverse the direction of rotation of the 
motor. Multispeed motors of this type are generally used 
to operate ceiling fans, small rotating fans, and as the 
blower motor for many central heating and air condi- 
tioning systems. The stator winding and rotor of a multi- 
speed shaded pole motor are shown in Figure 29-24. 
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Figure 29-23 Speed is changed by connecting inductance in 
series with the main run winding. 
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reaches approximately 75 percent of its rated 
speed? 


3. What device is generally used to disconnect the 
start windings of a split phase motor for open 
type motors that are not hermetically sealed? 


4. What is the advantage of a capacitor start induc- 
tion run motor over a resistance start induction 
run motor? 


5. Maximum starting torque for a split phase motor 
is developed when the run-winding current and 
start-winding current are how many degrees out 
of phase with each other? 





Figure 29-24 Stator winding and rotor of a multispeed shaded 
pole motor. 6. How is the direction of rotation of a split phase 
motor changed? 


7. What is synchronous speed? 


Wii! Review Questions 8. What two factors determine synchronous speed? 
1. What are the three major types of split phase 9. What type of motor changes speed by changing 
motors? the number of stator poles? 
2. What type of split phase motor does not have 10. What prevents a multispeed fan motor from be- 
to disconnect the start winding when the motor ing damaged when it is operated at a low speed? 
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Chapter 30 








Objectives 
Motors are generally permitted to slow to a stop when disconnected from the power After studying this chapter 
line, but in some instances that is not an option or convenient. Several methods can the student will be able to: 
be employed to provide braking for a motor. Some of these are: >> Discuss mechanical type 
* Mechanical brakes brakes. 
* Dynamic braking >> Connect a mechanical brake 
circuit. 
* Plugging 


>> Discuss dynamic braking for 
DC and AC motors. 


>> Connect a plugging circuit. 


Miiii/Mechanical Brakes 


Mechanical brakes can be obtained in two basic types: drum and disk. Drum brakes use 
brake shoes to apply pressure against a drum (Figure 30—1). A metal cylinder, called the 
drum, is attached to the motor shaft. Brake shoes are placed around the drum. A spring 
is used to adjust the amount of pressure the brake shoes exert against the drum to con- 
trol the amount of braking that takes place when the motor is stopped. When the motor 
is operating, a solenoid is energized to release the pressure of the brake shoes. When the 
motor is stopped, the brakes engage immediately. A circuit of this type is shown in Fig- 
ure 30-2. Mechanical brakes work by converting the kinetic (moving) energy of the load 
into thermal (heat) energy when the motor is stopped. Mechanical type brakes have an 
advantage in that they can hold a suspended load. For this reason, mechanical brakes are 
often used on cranes. 

Disc brakes work in a very similar manner to drum brakes. The only real dif- 
ference is that brake pads are used to exert force against a spinning disc instead of 
a cylindrical drum. A combination disc brake and magnetic clutch is shown in 
Figure 30-3. 


Miii/Dynamic Braking 


Dynamic braking can be used to slow both direct and alternating current motors. 
Dynamic braking is sometimes referred to as magnetic braking because in both 
instances it employs the use of magnetic fields to slow the rotation of a motor. 
The advantage of dynamic braking is that there are no mechanical brake shoes to 
wear out. The disadvantage is that dynamic brakes cannot hold a suspended load. 
Although dynamic braking can be used for both direct and alternating current mo- 
tors, the principles and methods used for each are very different. 
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Figure 30-1 Drum brake. 





BRAKE SOLENOID 


Figure 30-2 The brake is applied automatically when the motor is not operating. 
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Figure 30-3 Cut-away view of a combination electromagnetic disk 
brake and clutch. 


Dynamic Braking for Direct Current 
Motors 


A direct current machine can be used as either a motor 
or generator. When used as a motor, electrical energy is 
converted into mechanical energy. When used as a gen- 
erator, mechanical energy is converted into electrical 
energy. The principle of dynamic braking for a direct 
current motor is to change the motor into a generator. 
When a generator produces electrical power, it produces 
counter torque, making the armature hard to turn. The 
amount of counter torque produced by the generator is 
proportional to the armature current. 

Dynamic braking for a DC motor is accomplished 
by permitting power to remain connected to the shunt 
field when the motor is stopped, and reconnecting the ar- 
mature to a high wattage resistor (Figure 30-4). The re- 
sistor may actually be more than one resistor depending 
on motor size, length of braking time, and armature cur- 
rent. The braking time can be controlled by adjusting 
the resistance value. If current remains connected to the 
shunt field, the pole pieces retain their magnetism. Con- 
necting a resistance across the armature terminals causes 
the motor to become a generator. 

Dynamic braking for a DC motor is very effective, 
but the braking effect becomes weaker as the armature 
slows down. Counter torque in a generator is propor- 
tional to the magnetic field strength of the pole pieces 


Courtesy of Altra Industrial Motion, www.altramotion.com 
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and armature. Although the flux density of the pole 
pieces remains constant as long as shunt field current 
is constant, the armature magnetic field is proportional 
to armature current. Armature current is proportional 
to the amount of induced voltage and the resistance of 
the connected load. Three factors determine induced 
voltage: 


* Strength of magnetic field. (In this instance, the flux 
density of the pole pieces.) 


¢ Length of conductor. (Also stated as number of 
turns of wire. In this instance it is the number of 
turns on wire in the armature winding.) 


* Speed of the cutting action. (Armature speed) 


As the armature slows, less voltage is induced in the ar- 
mature windings causing a decrease of armature current. 


Iii/Dynamic Braking for 
Alternating Current Motors 


Dynamic braking for alternating current motors is 
accomplished in a different way than described for 
direct current motors. Dynamic braking for an AC 
motor can be accomplished by connecting direct cur- 
rent to the stator winding. This connection causes the 
stator magnetic field to maintain a constant polar- 
ity instead of reversing polarity each time the current 
changes direction. As the rotor of a squirrel cage motor 
spins through the stationary magnetic field, a current 
is induced into the rotor bars. The current flow in the 
rotor causes a magnetic field to form around the rotor 
bars. The rotor magnetic field is attracted to the sta- 
tor field causing the rotor to slow down. The amount 
of braking force is proportional to the magnetic field 
strength of the stator field and the rotor field. The 
braking force can be controlled by the amount of direct 
current supplied to the stator. 

When direct current is applied to the stator winding, 
there is no inductive reactance to limit stator current. 
The only current limiting effect is the wire resistance 
of the stator winding. Dynamic braking circuits for al- 
ternating current motors generally include a step-down 
transformer to lower the voltage to the rectifier and often 
include a series resistor to control the current applied to 
the stator winding (Figure 30-5). 

In the circuit shown, an off-delay timer is used to de- 
termine the length of braking time for the circuit. When 
the START button is pushed, motor starter M energizes 
and closes all M load contacts to connect the motor to 
the line. The M auxiliary contacts change position at 
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Figure 30-4 Dynamic braking circuit for a direct current motor. 


the same time. The normally closed M contact opens 
to prevent power being applied to the dynamic brake 
relay (DBR). The two normally open M auxiliary con- 
tacts close, sealing the circuit and supplying power to 
the coil of off-delay timer TR. Because TR is an off-de- 
lay timer, the TR timed contacts close immediately. The 
circuit remains in this position until the STOP button 
is pressed. At that time, motor starter M de-energizes and 
disconnects the motor from the line. The normally open 


M auxiliary contact connected in series with timer coil 
TR opens, starting the timing sequence. The normally 
closed M auxiliary contact closes and provides a current 
path through the now closed TR timed contact to the coil 
of DBR. This causes the DBR contacts to close and con- 
nect the step-down transformer and rectifier to the power 
line. Direct current is now supplied to the stator winding. 
Direct current will be supplied to the stator winding until 
the timed TR contact opens and de-energizes coil DBR. 
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Figure 30-5 Dynamic braking for AC motors is accomplished by supplying direct current to the stator winding. 


Dii/Plugging 


Plugging is defined by NEMA as a system of braking, in 
which the motor connections are reversed so that the motor 
develops a counter torque that acts as a retarding force. 
Plugging can be used with direct current motors, but is 
more often used with three phase squirrel cage motors. 
Plugging is accomplished with three phase motors 
by disconnecting the motor from the power line and 
momentarily reversing the direction of rotation. As a 


general rule, the reversing contactor is of a larger size 
than the forward contactor because of the increased 
plugging current. Several methods can be employed 
when a plugging control is desired. 


Manual Plugging 


One type of plugging control depends on an operator 
to manually perform the operation. A manual plugging 
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control is shown in Figure 30-6. The circuit is basically 
a forward-—reverse control circuit with the exception that 
there is no holding contact for the reverse contactor. 
Also, the plugging push button is a double-acting push 
button with the normally closed section connected in 
series with the forward contactor. This permits the plug- 
ging push button to be used without having to press the 
STOP button first. 

One method of providing plugging control is with 
the use of an automatic timed circuit (Figure 30-7). This 
is the same basic control circuit used for time control- 
ling a dynamic braking circuit shown in Figure 30—S. 
The dynamic brake relay has been replaced with a 
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Figure 30-6 Manual plugging control. 





reversing contactor. A modification of this circuit 
is shown in Figure 30-8. This circuit permits an opera- 
tor to select whether a plugging stop is to be used or 
not. Once the operator has pressed the plugging push 
button, the timer controls the amount of plugging 
time. 

Although time is used to control plugging, problems 
can occur due to the length of plugging time. If the timer 
is not set for a long enough time, the reversing circuit will 
open before the motor completely stops. If the timer is 
set too long, the motor will reverse direction before the 
reversing contactor opens. The most accurate method of 
plug stopping a motor is with a plugging switch or zero 


OL 
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speed switch (Figure 30-9). The plugging switch is con- 
nected to the motor shaft or the shaft of the drive ma- 
chine. The motion of the rotating shaft is transmitted to 
the plugging switch either by a centrifugal mechanism 
or by an eddy current induction disc inside the switch. 
The plugging switch contact is connected to the coil of 
the reversing starter (Figure 30-10). When the motor is 
started, the forward motion of the motor causes the nor- 
mally open plugging switch contact to close. When the 
STOP button is pressed, the normally closed F contact 
connected in series with the reversing contactor recloses 
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Figure 30-7 Timed controlled plugging circuit. 
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and reverses the direction of rotation of the motor. 
When the shaft of the motor stops rotating, the plug- 
ging switch contact reopens and disconnects the revers- 
ing contactor. 

Plugging switches with two normally open contacts 
can be obtained for use with forward-—reverse controls. 
These switches permit a plugging stop in either direc- 
tion when the STOP button is pressed (Figure 30-11). 
The direction of motor rotation determines which switch 
closes. The switch symbol indicates the direction of rota- 
tion necessary to cause the switch contacts to close. 


OL 
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Figure 30-8 An operator controls the plugging stop. 
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Figure 30-9 Plugging switch or zero speed switch. 
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Figure 30-10 Plugging switch controls the operation of the reversing contactor. 
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Figure 30-11 Plugging switch used with forward—reverse control. 
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biiiReview Questions 


1. Name three methods of braking a motor. 


2. How is the braking force of drum type brakes 
controlled? 


3. Why are mechanical brakes often used on cranes? 


4. What is the advantage of dynamic brakes over 
mechanical brakes? 


5. What is the disadvantage of dynamic brakes 
when compared to mechanical brakes? 


6. The amount of counter torque developed by a di- 
rect current generator is proportional to what? 


7. When using dynamic braking for a direct current 
motor, how is the braking time controlled? 


10. 


11. 
12. 


13. 
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. Name three factors that determine the amount of 


induced voltage. 


. How is dynamic braking for direct current motors 


accomplished? 


How is the dynamic braking force of an alternat- 
ing current motor controlled? 


How is a plugging stop accomplished? 


What device is generally used to accurately stop 
a motor when a plugging stop is used? 


Refer to the circuit shown in Figure 30-10. When 
the START button is pushed and the motor starts 
in the forward direction, the plugging switch 
closes. What prevents the reversing contactor 
from energizing when the plugging switch 
contact closes? 
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WOUND ROTOR MOTORS 


The wound rotor induction motor is one of the three major types of three phase mo- 
tors. It is often called the s/ip ring motor because of the three slip rings on the rotor 
shaft. The stator winding of a wound rotor motor is identical to the squirrel cage 
motor. The difference between the two motors lies in the construction of the rotor. 
The rotor of a squirrel cage motor is constructed of bars connected together at each 
end by shorting rings. The rotor of a wound rotor induction motor is constructed by 
winding three separate windings in the rotor (Figure 31-1). 

The wound rotor motor was the first alternating current motor that permitted 
speed control. It has a higher starting torque per amp of starting current than any 
other type of three phase motor. It can be started in multiple steps to provide smooth 
acceleration from 0 RPM to maximum RPM. Wound rotor motors are typically em- 
ployed to operate conveyers, cranes, mixers, pumps, variable speed fans, and a variety 
of other devices. They are often used to power gear-driven machines because they can 
be started without supplying a large amount of torque, which can damage and even 
strip the teeth off gears. 

The three phase rotor winding contains the same number of poles as the stator 
winding. One end of each rotor winding is connected together inside the rotor to 
form a wye connection and the other end of each winding is connected to one of 
the slip rings mounted on the rotor shaft. The slip rings permit external resistance 





Courtesy Wazee Companies, LLC Denver, CO 


Figure 31—1 Rotors of wound rotor induction motors. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Identify the terminal mark- 
ings of a wound rotor induction 
motor. 


>> Discuss the operating 
characteristics of wound rotor 
motors. 


>> Connect a wound rotor 
motor for operation. 


>> Discuss speed control of 
wound rotor motors. 
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Figure 31—2 The rotor of a wound rotor induction mo- 
tor is connected to external resistors. 


to be connected to the rotor circuit (Figure 31—2). Plac- 
ing external resistance in the rotor circuit allows con- 
trol of the amount of current that can flow through the 
rotor windings during both the starting and running 
of the motor. Three factors determine the amount of 
torque developed by a three phase induction motor: 


* Strength of the magnetic field of the stator. 
¢ Strength of the magnetic field of the rotor. 
* Phase angle difference between rotor and stator flux. 


Because an induction motor is basically a trans- 
former, controlling the amount of rotor current also con- 
trols the amount of stator current. This feature permits 
the wound rotor motor to control the in-rush current dur- 
ing the starting period. Limiting the in-rush current also 
limits the amount of starting torque the motor produces. 

The third factor that determines the amount of 
torque developed is the phase angle difference between 
stator and rotor flux. Maximum torque is developed 
when the magnetic fields of the stator and rotor are 
in-phase with each other. Imagine two bar magnets 
with their north and south poles connected together. 
If the magnets are placed so there is no angular dif- 
ference between them (Figure 31—3A), the attracting 
force is maximized. If the magnets are broken apart 
so there is an angular difference between them, there 
is still a force of attraction, but it is less than when they 
are connected together (Figure 31—3B). The greater 


the angle of separation, the less the force of attraction 
becomes (Figure 31—3C). 

Adding resistance to the rotor circuit causes the 
induced current in the rotor to be more in-phase with the 
stator current. This produces a very small phase angle dif- 
ference between the magnetic fields of the rotor and stator. 
This is the reason that the wound rotor induction motor 
produces the greatest amount of starting torque per amp 
of starting current of any three phase motor. 

The stator windings of a wound rotor motor are 
marked in the same manner as any other three phase 
motor—T1, T2, and T3 for single voltage motors. Dual 
voltage motors have nine T leads like squirrel cage 
motors. The rotor leads are labeled M1, M2, and M3. 
The M2 lead is located on the center slip ring, and the M3 
lead is connected to the slip ring closest to the rotor wind- 
ings. The schematic symbol for a wound rotor induction 
motor is shown in Figure 31-4. 


Mi/Manual Control of a Wound 
Rotor Motor 


The starting current and speed of a wound rotor 
induction motor is controlled by adding or subtracting 
the amount of resistance connected in the rotor circuit. 
Small wound rotor motors are often controlled manu- 
ally by a three-pole make-before-break rotary switch. 
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Figure 31-3 The force of attraction is proportional to the flux 


density of the two magnets and the angle between them. 
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Figure 31-4 Schematic symbol for a wound rotor induction 
motor. 


The switch contains as many contacts as there are steps 
of resistance (Figure 31—5). A micro limit switch senses 
when the controller is set for maximum resistance. 
Most controllers will not start unless all resistance is in 
the rotor circuit, forcing the motor to start in its lowest 
speed. Once the motor has been started, the resistance 
can then be adjusted to increase the motor speed. When 
all the resistance has been removed from the circuit and 
the M leads are shorted together, the motor will operate 
at full speed. The operating characteristics of a wound 
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Figure 31-5 Manual controller for a wound rotor induction motor. 
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Figure 31-6 Control circuit for a manually controlled wound rotor motor. 


rotor motor with the rotor leads shorted together are 
very similar to those of a squirrel cage motor. A circuit 
for use with a manual controller is shown in Figure 31—6. 


biiiTimed Controlled Starting 


Another method of starting a wound rotor motor is 
with the use of time delay relays. Any number of steps 
can be employed depending on the needs of the driven 
machine. A circuit with four steps of starting is shown in 
Figure 31—7. In the circuit shown, when the START but- 
ton is pressed, motor starter M energizes and closes all 
M contacts. The load contacts connect the stator wind- 
ing to the power line. At this point in time, all resistance 
is connected in the rotor circuit and the motor starts in 
its lowest speed. When the M auxiliary contacts closed, 
timer TR1 began its time sequence. At the end of the time 
period, timed contact TR1 closes and energizes the coil 
of contactor $1. This causes the S1 load contacts to close 
and short out the first bank of resistors in the rotor cir- 
cuit. The motor now accelerates to the second speed. The 
SI auxiliary contact starts the operation of timer TR2. At 
the end of the time period, timed contact TR2 closes and 
energizes contactor $2. This causes the $2 load contacts 
to close and short out the second bank of resistors. The 
motor accelerates to third speed. The process continues 
until all the resistors have been shorted out of the circuit 
and the motor operates at the full speed. 

The circuit shown in Figure 31-7 is a starter circuit 
in that the speed of the motor cannot be controlled by 
permitting resistance to remain in the circuit. Each time 
the START button is pressed, the motor accelerates 
through each step of speed until it reaches full speed. 


Starting circuits generally employ resistors of a lower 
wattage value than circuits that are intended for speed 
control because they are intended to be used for only a 
short period when the motor is started. Controllers must 
employ resistors that have a high enough wattage rating 
to remain in the circuit at all times. 


MiiiNNound Rotor Speed Control 


A time-operated controller circuit is shown in Figure 31-8. 
In this circuit, four steps of speed control are possible. 
Four separate push buttons permit selection of the operat- 
ing speed of the motor. If any speed other than the low- 
est speed or first speed is selected, the motor accelerates 
through each step with a 3-second time delay between each 
step. If the motor is operating at a low speed and a higher 
speed is selected, the motor immediately increases to the 
next speed if it has been operating in its present speed 
for more than 3 seconds. Assume, for example, that the 
motor has been operating in the second speed for more than 
3 seconds. If the fourth speed is selected, the motor imme- 
diately increases to the third speed and 3 seconds later in- 
creases to the fourth speed. If the motor is operating and 
a lower speed is selected, it immediately decreases to the 
lower speed without time delay. 


biji/Frequency Control 


Frequency control operates on the principle that the fre- 
quency of the induced voltage in the motor secondary 
(rotor) decreases as the speed of the rotor increases. The 
rotor windings contain the same number of poles as the 
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Figure 31-7 Timed starting for a wound rotor induction motor. 


stator. When the motor is stopped and power is first ap- 
plied to the stator windings, the voltage induced into the 
rotor will have the same frequency as the power line. This 
will be 60 Hz throughout the United States and Canada. 
When the rotor begins to turn, there is less cutting action 
between the rotating magnetic field of the stator and the 
windings in the rotor. This causes a decrease in both in- 
duced voltage and frequency. The greater the rotor speed 
becomes, the lower the frequency and amount of the in- 
duced voltage. The difference between rotor speed and 
synchronous speed (speed of the rotating magnetic field) 
is called slip and is measured as a percentage. Assume 
that the stator winding of a motor has four poles per 
phase. This would result in a synchronous speed of 
1800 RPM when connected to 60 Hz. Now, assume that 
the rotor is turning at a speed of 1710 RPM. This is a 


OL 


YO@Oa®O@OO®QD © 


difference of 90 RPM. This results in a 5 percent slip for 
the motor. 


nc 0 
SUP = 700 
Slip = 0.05 
Slip = 5% 


A 5 percent slip would result in a rotor frequency of 3 Hz. 
F = 60 Hz X 0.05 
F = 3 Hz 


or 
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Figure 31-8 Time-operated speed control for a wound rotor induction motor. 
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Where F = frequency in hertz 
P = number of poles per phase 
S = speed in RPM 
120 = constant 


A diagram of a wound rotor motor starter using 
frequency relays is shown in Figure 31—9. Note that the 
frequency relays are connected to the secondary winding 
of the motor, and that the load contacts are connected 
normally closed instead of normally open. Also note that 
a capacitor is connected in series with one of the frequency 
relays. In an alternating current circuit, the current limiting 
effect of a capacitor is called capacitive reactance. Capaci- 
tive reactance is inversely proportional to the frequency. 
A decrease in frequency causes a corresponding increase 
in Capacitive reactance. 


La LAPS 





CONTROL TRANSFORMER 
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Figure 31-9 Frequency control for a wound rotor induction motor. 
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When the START button is pressed, M contac- 
tor energizes and connects the stator winding to the 
line. This causes a voltage to be induced into the rotor 
circuit at a frequency of 60 Hz. The 60 Hz frequency 
causes both S1 and S2 contactors to energize and open 
their load contacts. The rotor is now connected to 
maximum resistance and starts in the lowest speed. As 
the frequency decreases, capacitive reactance increases, 
causing contactor SI to de-energize first and reclose 
the S1 contacts. The motor now increases in speed, 
causing a further reduction of both induced voltage 
and frequency. When contactor S2 de-energizes, the S2 
load contacts reclose and short out the second bank 
of resistors. The motor is now operating at its highest 
speed. 

The main disadvantage of frequency control is that 
some amount of resistance must remain in the circuit 
at all times. The load contacts of the frequency relays 
are closed when power is first applied to the motor. If 
a set of closed contacts were connected directly across 
the M leads, no voltage would be generated to operate 
the coils of the frequency relays and they would never be 
able to open their normally closed contacts. 

Frequency control does have an advantage over other 
types of control in that it is very responsive to changes in 
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motor load. If the motor is connected to a light load, the 
rotor gains speed rapidly, causing the motor to accelerate 
rapidly. If the load is heavy, the rotor gains speed at a 
slower rate, causing a more gradual increase in speed to 
help the motor overcome the inertia of the load. 


fii/Review Questions 


AL 


How many slip rings are on the rotor shaft of a 
wound rotor motor? 


. What is the purpose of the slip rings located on 


the rotor shaft of a wound rotor motor? 


. Awound rotor induction motor has a stator that 


contains six poles per phase. How many poles 
per phase are in the rotor circuit? 


. Name three factors that determine the amount 


of torque developed by a wound rotor induction 
motor. 


. Explain why the wound rotor motor produces the 


greatest amount of starting torque per amp of 
starting current of any three phase motor. 


. Explain why controlling the rotor current also 


controls the stator current. 


7. What is the function of a micro limit switch when 


used with a manual controller for a wound rotor 
motor? 


8. Why are the resistors used in the rotor circuit 


smaller for a starter than for a controller? 


9. What is rotor slip? 


10. A wound rotor has a synchronous speed of 


1200 RPM. The rotor is rotating at a speed of 
1075 RPM. What is the percent of rotor slip and 
what is the frequency of the induced rotor voltage? 


11. 


i; 


13. 


Refer to the circuit shown in Figure 31-6. Assume 

that the motor is running at full speed and the 

STOP button is pressed. The motor stops running. 

When the manual control knob is returned to the 

highest resistance setting, the motor immediately 

starts running in its lowest speed. Which of the 

following could cause this problem? 

a. The STOP push button is shorted. 

b. The START push button is shorted. 

c. M auxiliary contact is shorted. 

d. The micro limit switch contact did not reclose 
when the control was returned to the highest 
resistance setting. 


Refer to the circuit shown in Figure 31-7, Assume 
that the timers are set for a delay of 3 seconds 
each. When the START button is pressed, the 
motor starts in its lowest speed. After 3 seconds 
the motor accelerates to second speed, but never 
reaches third speed. Which of the following 
cannot cause this problem? 

a. TR1 timer coil is open. 

b. S1 contactor coil is open. 

c. TR2 timer coil is open. 

d. S2 contactor coil is open. 


Refer to the schematic diagram in Figure 31-8. 
Assume that the motor is not running. When 

the third speed push button is pressed, the mo- 
tor starts in its lowest speed. After a delay of 3 
seconds, the motor accelerates to second speed 
and 3 seconds later to third speed. After a period 
of about 1 minute, the fourth speed push button 
is pressed, but the motor does not accelerate to 
fourth speed. Which of the following could cause 
this problem? 

a. Control relay CR2 coil is open. 

b. S2 contactor coil is open. 

c. CR3 coil is shorted. 

d. S3 contactor coil is open. 
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Chapter 32 





Synchronous motors are so named because of their ability to operate at synchronous 
speed. They are able to operate at the speed of the rotating magnetic field because 
they are not induction motors. They exhibit other characteristics that make them 
different than squirrel cage or wound rotor induction motors. Some of these charac- 
teristics are: 


* They can operate at synchronous speed. 


¢ They operate at a constant speed from no load to full load. Synchronous motors 
either operate at synchronous speed or they stall and stop running. 


* They can produce a leading power factor. 


* They are sometimes operated without load to help correct plant power factor. In 
this mode of operation they are called synchronous condensers. 


* The rotor must be excited with an external source of direct current. 


¢ They contain a special squirrel cage winding called the amortisseur winding, 
which is used to start the motor. 


Mii! Starting a Synchronous Motor 


A special squirrel cage winding, called the amortisseur winding, is used to start a 
synchronous motor. The rotor of a synchronous motor is shown in Figure 32-1. 
The amortisseur winding is very similar to a type A squirrel cage winding. 
It provides good starting torque and a relatively low starting current. Once the 
synchronous motor has accelerated to a speed close to that of the rotating 
magnetic field, the rotor is excited by connecting it to a source of direct current. 
Exciting the rotor causes pole pieces wound in the rotor to become electromagnets. 
These electromagnets lock with the rotating magnetic field of the stator and the 
motor runs at synchronous speed. A synchronous motor should never be started 
with excitation applied to the rotor. The magnetic field of the pole pieces will be 
alternately attracted and repelled by the rotating magnetic field resulting in no 
torque being produced in either direction. High induced voltage, however, may 
damage the rotor windings and other components connected in the rotor circuit. 
The excitation current should be connected to the rotor only after it has accelerated 
to a speed that is close to synchronous speed. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Discuss the operation of a 
synchronous motor. 


>> List differences between 
synchronous motors and 
squirrel cage motors. 


>> Explain the purpose of an 
amortisseur winding. 


>> Discuss how a synchronous 
motor can produce a leading 
power factor. 


>> Discuss the operation of a 
brushless exciter. 


331 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whele er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidéor cChapterfs). 


Editorial review has decmed that any supp 





od antotdecs net materially affect the secrall leaming experience, Cengage Learning reserees the right te remeee additional opntent at any time if subsoquent rights 





trictisw § POqui te it. 


332 @ Section 5 Wound Rotor, Synchronous, and Consequent Pole Motors 





Figure 32—1 Rotor of a synchronous motor. 


MiiiExcitation Current 


There are several ways that excitation current can be sup- 
plied to the rotor of a synchronous motor such as slip 
rings, a brushless exciter, and DC generator. Small syn- 
chronous motors generally contain two slip rings on the 
rotor shaft. A set of brushes are used to supply direct 
current to the rotor (Figure 32-2). 

If manual starting is employed, an operator will 
manually excite the rotor after it has accelerated close 
to synchronous speed. During this acceleration pro- 
cess, a high voltage can be induced into the windings 
of the rotor. A resistor, called the field discharge resis- 
tor, is connected in parallel with the rotor winding. 
Its function is to limit the amount of induced voltage 
when the motor is started and limit the amount of in- 
duced voltage caused by the collapsing magnetic field 
when the motor is stopped and the excitation current is 
disconnected. A switch called the field discharge switch 
is used to connect the excitation current to the rotor. 
The switch is designed so that when it is closed it will 
make connection to the direct current power supply 
before it breaks connection with the field discharge 
resistor. When the switch is opened, it will make con- 
nection to the field discharge resistor before it breaks 
connection with the direct current power supply. This 
permits the field discharge resistor to always be con- 
nected to the rotor when DC excitation is not being 
applied to the rotor. 


MiiiThe Brushless Exciter 


A second method of supplying excitation current to 
the rotor is with a brushless exciter. The brushless ex- 
citer has an advantage in that there are no brushes or 


Courtesy GE Energy, Fort Wayne, Indiana 


FIELD DISCHARGE SWITCH 


IFIELD DISCHARGE 
RESISTOR 





Figure 32-2 A field discharge resistor is connected in parallel 
with the rotor winding during starting. 


slip rings to wear. The brushless exciter is basically a 
small three phase alternator winding and three phase 
rectifier located on the shaft of the rotor. Refer to the 
photograph in Figure 32-1. At the back of the rotor a 
small winding can be seen. This is the winding of the 
brushless exciter. Electromagnets are placed on either 
side of the winding (Figure 32-3). A three phase recti- 
fier and fuses are also located on the rotor shaft. The 
rectifier converts the three phase alternating current 
produced in the alternator winding into direct current 
before it is supplied to the rotor winding (Figure 32-4). 
The amount of excitation current supplied to the rotor 
winding is controlled by the amount of direct current 
supplied to the electromagnets. The output voltage of 
the alternator winding is controlled by the flux density 
of the pole pieces. 


Mi!!/Direct Current Generator 


Another method of supplying excitation current is with 
the use of a self-excited direct current generator mounted 
on the rotor shaft. The amount of excitation current is 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidaéor oC hapterfs). 


Editorial review has decmed that any supp 





od antotdecs net materially affect the secrall leaming experience, Cengage Learning reserees the right te remeee additional opntent at any time if subsoquent rights 





trictisw § POqui te it. 


STATIONARY 
ELECTROMAGNET 


ROTOR OF SMALL 
ALTERNATOR 





DC SUPPLY S 


Figure 32-3 The brushless exciter contains stationary 
electromagnets. 


adjusted by controlling the field current of the generator. 
The output of the armature supplies the excitation cur- 
rent for the rotor. Because the generator is self-excited, 
it does not require an external source of direct current. 
Although that is an advantage over supplying the excita- 
tion current through slip rings or with a brushless exciter, 
the generator does contain a commutator and brushes. 
The generator generally requires more maintenance than 
the other methods. 


ARMATURE 





Figure 32—4 Basic brushless exciter circuit. 


THREE PHASE RECTIFIER 
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Ii{i/Automatic Starting for 
Synchronous Motors 


Synchronous motors can be automatically started as well 
as manually started. One of the advantages of a synchro- 
nous motor is that it provides good starting torque with 
a relatively low starting current. Many large motors are 
capable of being started directly across-the-line because 
of this feature. If the power company will not permit 
across-the-line starting, synchronous motors can also 
employ autotransformer starting, reactor starting, or 
wye-delta starting. Regardless of the method employed 
to connect the stator winding to the power line, the main 
part of automatic control for a synchronous motor lies 
in connecting excitation current to the rotor at the proper 
time. The method employed is determined by the man- 
ner in which excitation is applied to the rotor. In the case 
of manual excitation, the field discharge switch is used. 
Brushless exciter circuits often employ electronic devices 
for sensing the rotor speed to connect DC excitation to 
the rotor at the proper time. If a direct current genera- 
tor is employed to provide excitation current, a special 
field contactor, out-of-step relay, and polarized field fre- 
quency relay are generally used. 


liiiThe Field Contactor 


The field contactor looks very similar to a common 
three-pole contactor (Figure 32-5). This is not a stan- 
dard contactor, however. The field contactor contains 





FIELD 
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Figure 32-5 Field contactor used in the starting of a synchronous 


motor. 


a DC coil and is energized by the excitation current of 
the rotor. The field contactor serves the same function 
as the field discharge switch discussed previously. The 
two outside contacts connect and disconnect the exci- 
tation current to the rotor circuit. The middle contact 
connects and disconnects the field discharge resistor at 
the proper time. 


iiii/Out-of-Step Relay 


The out-of-step relay is actually a timer that contains a 
current operated coil instead of a voltage operated coil. 
The coil is connected in series with the field discharge 
resistor. The timer can be pneumatic, dashpot, or elec- 
tronic. A dashpot type out-of-step relay is shown in 
Figure 32—6. The function of the out-of-step relay is to 
disconnect the motor from the power line in the event that 
the rotor is not excited within a certain length of time. 
Large synchronous motors can be damaged by excessive 
starting current if the rotor is not excited within a short 
time. 


iii/The Polarized Field Frequency 
Relay 


The polarized field frequency relay (Figure 32-7) is 
responsible for sensing the speed of the rotor and control- 
ling the operation of the field contactor. The polarized 
field frequency relay (PFR) is used in conjunction with 
a reactor. The reactor is connected in the rotor circuit of 
the synchronous motor. The polarized field frequency 


Courtesy of Rockwell Automation, Inc. 





Figure 32-6 Out-of-step relay. 


relay contains two separate coils, one DC and one AC 
(Figure 32-8). Coil A is the DC coil and is connected to 
the source of direct current excitation. Its function is to 
polarize the magnetic core material of the relay. Coil B 
is the AC coil. This coil is connected in parallel with the 
reactor (Figure 32-9). To understand the operation of 
the circuit, first consider the path magnetic flux takes if 
only the DC coil of the PFR is energized (Figure 32-10). 
Note that the flux path is through the crossbar, not the 
ends of the relay. Because the flux does not reach the 
ends of the pole piece, the armature is not attracted and 
the contact remains closed. 

When the synchronous motor is started, however, 
the rotating magnetic field of the stator induces an AC 
voltage into the rotor winding. A current path exists 
through the reactor, field discharge resistor, and coil 
of the out-of-step relay. Because the induced voltage is 
60 Hz at the instant of starting, the inductive reactance 
of the reactor causes a major part of the rotor current to 





Figure 32-7 Polarized field frequency relay. 
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Figure 32-9 Control circuit for a synchronous motor. 
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flow through the AC coil of the polarized field frequency 
relay. Because alternating current is flowing through the 
AC coil of the PFR, each half cycle the flux produces in 
the AC coil opposes the flux produced by the DC coil. 
This causes the DC flux to be diverted to the ends of the 
pole pieces where it is combined with the AC flux, result- 
ing in a strong enough flux to attract the armature, open- 
ing the normally closed contact (Figure 32-11). 

In this type of control, a direct current generator is 
used to supply the excitation current for the rotor. When 
power is first applied to the stator winding, the rotor is 
not turning and the DC generator is not producing an 
output voltage. The rotating magnetic field, however, in- 
duces a high voltage into the rotor windings, supplying a 
large amount of current for the AC coil of the polarized 


field frequency relay. As the rotor begins to turn, the 
DC generator begins to produce a voltage, supplying 
power for the DC coil of the PFR. The combined flux 
of the two coils causes the normally closed PFR contact 
to open before the field relay can energize. As the rotor 
speed increases, less AC voltage is induced in the rotor 
circuit and the frequency decreases in proportion to ro- 
tor speed. As the frequency decreases, the inductive reac- 
tance of the reactor becomes less, causing more current 
to flow through the reactor and less to the AC coil. The 
AC coil of the PFR produces less and less flux as rotor 
speed increases. When the rotor reaches about 90 percent 
of the synchronous speed, the AC flux can no longer 
maintain the current path through the PFR armature and 
the DC flux returns to the path as shown in Figure 32-10. 







DC COIL 
(COIL A) 





Figure 32-10 Path of magnetic flux produced by the DC coil only. 








Figure 32-11 Flux of AC and DC coils combines to attract the armature. 
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When the armature drops away, it recloses the PFR con- 
tact and connects the coil of the field relay to the line. 
When the field relay energizes, direct current is connected 
to the rotor circuit and the field discharge resistor and out- 
of-step relay are disconnected from the line. 


i}/Power Factor Correction 


As stated previously, synchronous motors can be made to 
produce a leading power factor. A synchronous motor can 
be made to produce a leading power factor by overexciting 
the rotor. If the rotor is underexcited, the motor will have 
a lagging power factor similar to a squirrel cage or wound 
rotor induction motor. The reason is when the DC excitation 
current is too low, part of the AC current supplied to the 
stator winding is used to magnetize the iron in the motor. 

Normal excitation is achieved when the amount of 
excitation current is sufficient to magnetize the iron core 
of the motor and no alternating current is required. Two 
conditions indicate when normal excitation has been 
achieved: 
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1. The current supplied to the motor drops to its lowest 
level. 


2. The power factor will be 100 percent or unity. 


If more than normal excitation current is supplied, 
overexcitation occurs. In this condition, the DC excita- 
tion current overmagnetizes the iron of the motor and 
part of the AC line current is used to de-magnetize the 
iron. The de-magnetizing process causes the AC line 
current to lead the voltage in the same manner as a 
capacitor. 


IiiApplications 


Due to their starting characteristics and ability to cor- 
rect power factor, synchronous motors are generally 
employed where large horsepower motors are needed. 
They often provide the power for pumps, compressors, 
centrifuges, and large grinders. A 1500 HP synchronous 
motor is shown in Figure 32-12. 


Photo courtesy of WEG Electric Corp. 


Figure 32-12 A 1500 HP synchronous motor. 
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Uil/Review Questions 6. What is the purpose of the DC coil on a polarized 


field frequency relay? 


1. What is a synchronous motor called when it is 


7. What is the purpose of an out-of-step relay? 
operated without load and used for power factor ee hana 


correction? 8. Why is it possible for a synchronous motor to 
2 operate at the speed of the rotating magnetic 
2. What is an amortisseur winding and what func- field? 


tion does it serve? 
9. Name two factors that indicate when normal 


3. Should the excitation current be applied to the excitation current is being applied to the motor. 


rotor of a synchronous motor before it is started? 
10. How can a synchronous motor be made to 


4. What is the function of a field discharge resistor? produce a leading power factor? 
5. What controls the output voltage of the alternator 
when a brushless exciter is used to supply the 


excitation current of the rotor? 
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Consequent pole motors have the ability to change speed by changing the number of 
stator poles. Two factors determine the synchronous speed of an AC motor: 


1. Frequency of the applied voltage 
2. Number of stator poles per phase 


A chart showing synchronous speed of 60 and 50 Hz motors with different numbers 
of poles is shown in Figure 33—1. A three phase, two-pole motor contains six actual poles. 
The magnetic field makes one revolution of a two-pole motor each complete cycle. If the 
stator of a motor were to be cut and laid out flat, the magnetic field would traverse the 
entire length in one cycle (Figure 33—2A). If the number of stator poles is doubled to four 
per phase (Figure 33—2B), the magnetic field traverses the same number of stator poles 
during one cycle. Because the number of poles has been doubled, the magnetic field will 
travel only half as far during one complete cycle. Consequent pole motors have an ad- 
vantage over some others types of variable speed alternating current motors in that they 
maintain a high torque when speed is reduced. 

The number of stator poles is changed by redirecting the current through pairs 
of poles (Figure 33-3). If the current travels in the same direction through two pole 
pieces, both produce the same magnetic polarity and are essentially one pole piece. 
If the current direction is opposite through each pole piece, they produce opposite 
magnetic polarities and are essentially two poles. 

Two-speed consequent pole motors contain one reconnectable stator winding. 
A two-speed motor contains six T leads in the terminal connection box. The motor 









STATOR POLES SPEED IN RPM 
PER PHASE 60 HZ 










3600 


pe atin | EA 


Figure 33-1 Synchronous speed is determined 
by the frequency and number of stator poles 
per phase. 












Objectives 


After studying this chapter 
the student will be able to: 


>> Identify terminal markings 
for two-speed one-winding 
consequent pole motors. 


>> Discuss how speed of a con- 
sequent pole motor is changed. 


>> Connect a two-speed, one- 
winding consequent pole motor. 


>> Discuss the construction of 
three-speed consequent pole 
motors. 


>> Discuss different types of 
four-speed consequent pole 
motors. 
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Figure 33-2 The magnetic field travels through the same number of poles during each complete cycle. 
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Figure 33-3 The direction of current flow determines the number of poles. 


can be connected to form a series delta or parallel wye 
(Figure 33-4). If the motor is wound in such a way that 
the series delta connection gives the high speed and the 
parallel wye gives the low speed, the horsepower will be 
the same for either connection. If the winding is such 
that the series delta gives the low speed and the parallel 


wye gives the high speed, the torque will be the same for 
both speeds. 

Two-speed consequent pole motors provide a speed 
ratio of 2:1. For example, a two-speed consequent 
pole motor could provide synchronous speeds of 3600 
and 1800 RPM, or 1800 and 900 RPM, or 1200 and 
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T4 
T3 11 
T5 T6 
T2 
SERIES DELTA CONNECTION 


Figure 33-4 Stator windings can be connected as either parallel wye or series delta. 


600 RPM. The connection diagram for a two-speed con- 
sequent pole motor is shown in Figure 33-5. A typical 
controller for a two-speed motor is shown in Figure 33-6. 
Note that the low speed connection requires six load 
contacts, three to connect the L1, L2, and L3 to T1, T2, 
and T3, and three to short leads T4, T5, and T6 together. 
Although contactors with six load contacts can be ob- 
tained, it is common practice to employ a separate three- 
pole contactor to short T4, TS, and T6 together. 

In the circuit shown in Figure 33-6, the STOP but- 
ton must be pressed before a change of speed can be 
made. Another control circuit is shown in Figure 33—7 
that forces the motor to start in low speed before it can 
be accelerated to high speed. The STOP button does not 
have to be pressed before the motor can be accelerated 
to the second speed. A permissive relay (PR) is used to 
accomplish this logic. The motor can be returned to the 
low speed by pressing the LOW push button after the 


TOGETHER 





Figure 33-5 Connection diagram for a two-speed consequent 
pole motor. 


motor has been accelerated to high speed. The load con- 
nections are the same as shown in Figure 33-6. 

The control circuit shown in Figure 33-8 permits 
the motor to be started in either high or low speed. The 
speed can be changed by pressing either the high or low 
speed push buttons. It is not necessary to press the stop 
button first. 
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Figure 33-6 Two-speed control for a consequent pole motor. 
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Figure 33-7 The motor must be started in low speed before it can be accelerated to high speed. 
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Figure 33-8 Motor speed can be changed without pressing the stop button. 


ii/Three-Speed Consequent Pole 
Motors 


Consequent pole motors that are intended to operate 
with three speeds contain two separate stator windings. 
One winding is reconnectable like the winding in 
a two-speed motor. The second winding is wound for 


a certain number of poles and is not reconnectable. 
If one stator winding were wound with six poles and 
the second were reconnectable for two or four poles, 
the motor would develop synchronous speeds of 3600 
RPM, 1800 RPM, or 1200 RPM when connected to 
a 60 Hz line. If the reconnectable winding were to be 
wound for four- or eight-pole connection, the motor 
would develop synchronous speeds of 1800 RPM, 
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1200 RPM, or 900 RPM. Three-speed consequent of different connection diagrams for three-speed, 


pole motors can be wound to produce constant horse- two-winding consequent pole motors are shown in 
power, constant torque, or variable torque. Examples Figures 33-9A—I. 
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Figure 33-9A Constant horsepower. 
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Figure 33-9B Constant horsepower. 
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Figure 33-9C Constant horsepower. 
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Figure 33-9D Constant torque. 
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Figure 33-9E Constant torque. 
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Figure 33-9F Constant torque. 
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Figure 33-9G Variable torque. 
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Figure 33-9H Variable torque. 
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Figure 33-91 Variable torque. 


Iiii/Four-Speed Consequent Pole 
Motors 


Consequent pole motors intended to operate with four 
speeds use two reconnectable windings. Like two-speed 
or three-speed motors, four-speed motors can be wound 
to operate at constant horsepower, constant torque, or 
variable torque. Some examples of winding connections 
for four-speed, two-winding three phase consequent pole 
motors are shown in Figures 33—10A—F. 

A circuit for controlling a four-speed, three phase 
consequent pole motor is shown in Figure 33-11 on 
page 352. The control permits any speed to be selected 
by pushing the button that initiates that particular speed. 
In this circuit, stacked push buttons are used to break the 


circuit to any other speed before the starter that controls 
the selected speed is energized. Electrical interlocks are 
also used to ensure that two-speeds cannot be energized 
at the same time. Eleven pin control relays are used to 
provide interlock protection because they each contain 
three sets of contacts. 

The load contact connection is also shown in 
Figure 33-11. The circuit assumes the connection dia- 
gram for the motor is the same as the diagram illustrated 
in Figure 33—10F. The circuit also assumes that the start- 
ers and contactors each contain three load contacts. Note 
that third speed and high speed require the use of two con- 
tactors to supply the necessary number of load contacts. 

A two-speed, two-winding motor controller and a 
two-speed, one-winding motor controller are shown in 
Figures 33-12 and 33-13. 
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Figure 33-10A Constant horsepower. 
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Figure 33-10B Constant horsepower. 
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Figure 33—10C Constant torque. 
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Figure 33-10D Constant torque. 
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Figure 33-10E Variable torque. 
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Figure 33—10F Variable torque. 
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Figure 33—11 Push button control for a four-speed consequent pole three phase motor. 
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Figure 33-12 Two-speed, two-winding motor controller. 


Mi//Review Questions 


1. Name two factors that determine the 
synchronous speed of a motor. 


2. How many speeds can be obtained from a 
consequent pole motor that contains only one 
stator winding? 


3. What is the advantage of consequent pole motors 
over some other types of variable speed motors? 


4. A consequent pole motor has synchronous 
speeds of 1800, 1200, and 900 RPM. 
How many stator windings does this 
motor have? 


5. Refer to the circuit shown in Figure 33-6. You are 
to install this control system. How many auxiliary 
contacts should starter 1L contain and how many 
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Figure 33-13 Two-speed, one-winding motor controller. 


are normally open and how many are normally 
closed? 


6. Refer to the circuit shown in Figure 33-6. What is 


the function of contactor 2L? 


7. Refer to the circuit shown in Figure 33-7, When 


the low speed push button is pressed, the motor 
begins to run in low speed. When the high speed 
push button is pressed, the motor stops running. 
Which of the following could cause this problem? 
a. The 1L contactor coil is open 

b. H contactor coil is open 

c. PR relay coil is open 

d. The 2L contactor coil is open 


. Refer to the circuit shown in Figure 33-11. 


Assume that coil 2CR is shorted. Would it be pos- 
sible to run the motor in the third speed? 


. Refer to the circuit shown in Figure 33-11. Explain 


the action of the circuit if coil 2CR is shorted and 
the second speed push button is pressed. 


. Refer to the circuit shown in Figure 33-11. You are 


to construct this circuit on the job. Would it be 
possible to used an 11 pin control relay for 4CR? 
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Chapter 34 
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MAGNETIC CLUTCH 





Objectives 
Chapter 33 discussed the operation of consequent pole motors that change speed After studying this chapter 
by changing the number of stator poles per phase. Although this is one method of the student will be able to: 


controlling the speed of a motor, it is not the only method. Many small single phase 
motors change speed by varying the amount of voltage applied to the motor. This 
method does not change the speed of the rotating magnetic field of the motor, but 


>> Discuss the types of motors 
that can be controlled with vari- 


it does cause the field to become weaker. As a result, the rotor slip becomes greater, SSE oleage 

causing a decrease of motor speed. >) Discuss requirements for 
Variable voltage control is used with small fractional horsepower motors that motors that are controlled with 

operate light loads, such as fans and blowers. Motors that are intended to operate variable voltage. 

with variable voltage are designed with high impedance stators. The high impedance >> Discuss the operation of a 

of the stator prevents the current flow from becoming excessive as the rotor slows magnetic clutch. 


down. The disadvantage of motors that contain high impedance stator windings is 
that they are very limited in the amount of torque they can produce. When load is 
added to a motor of this type, its speed decreases rapidly. 

Motors that used a centrifugal switch to disconnect the start windings cannot 
be used with variable voltage control. This limits the type of induction motors to 
capacitor start capacitor run and shaded pole motors. Capacitor start capacitor run 
motors are employed in applications where it is desirable to reverse the direction of 
rotation of the motor. 

Another type of alternating current motor that can use variable voltage for 
speed control is the universal or AC series motor. These motors are commonly used 
in devices such as power drills, skill saws, vacuum cleaners, household mixers, and 
many other appliances. They can generally be recognized by the fact that they con- 
tain a commutator and brushes similar to a direct current motor. Universal motors 
are so named because they can operate on AC or DC voltage. These motors are used 
with solid-state speed control devices to operate electric drill, routers, reciprocating 
saws, and other variable speed tools. 


MiiNottage Control Methods 


There are different methods of obtaining a variable AC voltage. One method is with 
the use of an autotransformer with a sliding tap (Figure 34-1). The sliding tap causes 
a change in the turns ratio of the transformer (Figure 34-2). An autotransformer is 
probably the most efficient and reliable method of supplying variable AC voltage, 
but it is expensive and requires a large amount of space for mounting. 


357 
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Figure 34-1 Cutaway view of a variable autotransformer. 





Figure 34-2 An autotransformer supplies variable voltage to a 


motor. 


Another method involves the use of a solid-state de- 
vice called a triac. A triac is a solid-state device similar to 
a silicon controlled rectifier (SCR), except that it will con- 
duct both the positive and negative portions of a waveform. 
Triacs are commonly used in dimmers employed to control 
incandescent lighting. Triac light dimmers have a charac- 
teristic of conducting one-half to the waveform before the 
other half begins conducting. Because only one-half of the 
waveform is conducting, the output voltage is DC, not AC 
(Figure 34-3). Resistive loads such as incandescent lamps 
are not harmed when direct current is applied to them, but 
a great deal of harm can occur when DC voltage is applied 
to an inductive device such as a motor. Only triac controls 
that are designed for use with inductive loads should be used 


as, Ss Va 


Figure 34-3 Conducting part of a waveform produces 
pulsating direct current. 


ALTERNATOR 





Figure 344 Basic triac control circuit. 


to control a motor. A basic triac control circuit is shown in 
Figure 34-4. A triac variable speed control for small 
AC motors is shown in Figure 34-5. 
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Figure 34-5 Variable speed control using a triac to control the 
voltage applied to a motor. 


Miii/Magnetic Clutches 


Magnetic clutches are used in applications where it is 
desirable to permit a motor to reach full speed before 
load is applied. Clutches can provide a smooth start for 
loads that can be damaged by sudden starting, or for 
high inertia loads such as centrifuges or flywheels. Elec- 
tromagnetic clutches are divided into three components: 
the field, which contains the coil winding; the rotor, 
which contains the friction material; and the armature, 
which is the second friction surface. When direct cur- 
rent is applied to the field coil, magnetism is created; 
this causes the friction face of the rotor to become a 
magnet. The magnetic field of the rotor attracts the 
armature disc, which causes the armature and rotor 
to clamp together, connecting the motor to the load. 
The force of the clutch can be controlled by adjusting 
the voltage supplied to the field winding. The amount 
of slip determines how rapidly the clutch can acceler- 
ate the driven load and the amount of torque applied 
to the load. When power is removed, a spring forces the 
armature and rotor apart. Some magnetic clutches em- 
ploy the use of slip rings and brushes to supply power 
to the field coil, but most contain a stationary electro- 
magnet as shown in Figure 34-6. A magnetic clutch is 
shown in Figure 34~7. 
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The clutch illustrated in Figure 34-6 is a single-face 
clutch, which means that it contains only one clutch 
disc. Clutches intended to connect large horsepower 
motors to heavy loads often contain multiple clutch 
faces. Double-face clutches have both the armature and 
field discs mounted on the same hub. A double-face 
friction lining is sandwiched between them. When the 
field winding is energized, the field disc and armature 
disc are drawn together with the double-face friction 
lining between them. Double-face clutches can be ob- 
tained in sizes up to 78 inches in diameter. 

Some clutches are intended to provide tension 
control and are operated with a large amount of 
slippage between the driving and driven members. 
These clutches produce an excessive amount of heat 
because of the friction between clutch discs. Many 
of these clutches are water cooled to help remove 
the heat. 


Iii/Eddy Current Clutches 


Eddy current clutches are so named because they induce 
eddy currents into a metal cylinder or drum. One part 
of the clutch contains slip rings and a winding (Figure 
34-8A). The armature or rotor is so constructed that 
when the winding is excited with direct current, magnetic 
pole pieces are formed. The rotor is mounted inside the 
metal drum that forms the output shaft of the clutch 
(Figure 34-8B). The rotor is the input of the clutch and 
is connected to an AC induction motor. The motor pro- 
vides the turning force for the clutch (Figure 34-9). When 
direct current is applied to the rotor, the spinning elec- 
tromagnets induce eddy currents into the metal drum. 
The induced eddy currents form magnetic poles inside 
the drum. The magnetic fields of the rotor and drum are 
attracted to each other and the clutch turns in the same 
direction as the motor. 

The main advantage of an eddy current clutch is that 
there is no mechanical connection between the rotor and 
drum. Because there is no mechanical connection, there is 
no friction to produce excessive heat and there is no wear 
as is the case with mechanical clutches. The speed of the 
clutch can be controlled by varying the amount of direct 
current applied to the armature or rotor. Because the out- 
put speed is determined by the amount of slip between 
the rotor and drum, when load is added, the slip becomes 
greater causing a decrease in speed. This decrease can be 
compensated for by increasing the amount of direct cur- 
rent applied to the rotor. Many eddy current clutch cir- 
cuits contain a speed sensing device that automatically 
increases or decreases the DC excitation current when 
load is added or removed. 
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Figure 34-6 Magnetic clutch with stationary filed winding. 





Courtesy of Altra industrial Motion, www.altramotion.com 


Figure 34-7 Cutaway view of a magnetic clutch. 
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Figure 34-8 Diagram A shows magnetic armature or rotor and drum. Diagram B shows rotor mounted inside the drum. The rotor is 
the input shaft of the clutch and the drum is the output shaft. 
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Figure 34-9 An AC motor is coupled to an eddy current clutch. 


LiiReview Questions 3. What is the disadvantage of a motor that contains 


a high impedance stator winding? 
1. Does varying the voltage to an AC induction 
motor cause a change in synchronous 
speed? 


4. What type of AC induction motor is used with 
variable voltage control when it is desirable for 
the motor to reverse direction? 

2. Why do induction motors that are intended to 
be controlled by variable voltage contain high 
impedance stator windings? 


5. What type of motor, which can be controlled with 
variable voltage, is used to operate power drills, 
vacuum cleaners, or routers? 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party uentent may he suppressed from the eBook aidéor cChapterfs). 
Editorial review has decmed that any suppressed aonttent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 


362 ® Section 6 Variable Speed Drives 


6. Why are universal motors so named? 9. What is the primary advantage of an eddy current 


i clutch over a mechanical clutch? 
7. What type of solid-state component is generally _ v " 


used to control AC voltage? 10. How is the speed of an eddy current clutch 


controlled? 
8. When using a mechanical clutch, what determines 


how fast a load can be accelerated and the amount 
of initial torque applied to the load? 
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Direct current motors are used throughout much of industry because of their ability 
to produce high torque at low speed, and because of their variable speed character- 
istics. A DC motor is generally operated at or below normal speed. Normal speed for 
a DC motor is obtained by operating the motor with full rated voltage applied to the 
field and armature. The motor can be operated at below normal speed by applying 
rated voltage to the field and reduced voltage to the armature. 

In Chapter 28, resistance was connected in series with the armature to limit cur- 
rent and, therefore, speed. Although this method does work and was used in industry 
for many years, it is seldom used today. When resistance is used for speed control, 
much of the power applied to the circuit is wasted in heating the resistors, and the 
speed control of the motor is not smooth because resistance is taken out of the 
circuit in steps. 

Speed control of a DC motor is much smoother if two separate power supplies, 
which convert the AC voltage to DC voltage, are used to control the motor instead 
of resistors connected in series with the armature (Figure 35-1). Notice that one 
power supply is used to supply a constant voltage to the shunt field of the motor, 
and the other power supply is variable and supplies voltage to the armature only. 
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Figure 35-1 Separate power supplies used to control armature 
and field. 





Objectives 

After studying this chapter 
the student will be able to: 
>> Describe armature control. 


>> Discuss DC voltage control 
with a three phase bridge 
rectifier. 


>> Describe methods of current 
limit control. 


>> Discuss feedback for 
constant speed control. 
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fiiThe Shunt Field Power Supply 


Most solid-state DC motor controllers provide a sepa- 
rate DC power supply which is used to furnish excita- 
tion current to the shunt field. The shunt field of most 
industrial motors requires a current of only a few amps 
to excite the field magnets; therefore, a small power 
supply can be used to fulfill this need. The shunt field 
power supply is generally designed to remain turned on 
even when the main (armature) power supply is turned 
off. If power is connected to the shunt field even when 
the motor is not operating, the shunt field acts as a 
small resistance heater for the motor. This heat helps 
prevent moisture from forming in the motor due to 
condensation. 


ithe Armature Power Supply 


The armature power supply is used to provide vari- 
able DC voltage to the armature of the motor. This 
power supply is the heart of the solid-state motor con- 
troller. Depending on the size and power rating of the 


controller, armature power supplies can be designed to 
produce from a few amps to hundreds of amps. Most of 
the solid-state motor controllers intended to provide the 
DC power needed to operate large DC motors convert 
three phase AC voltage directly into DC voltage with a 
three phase bridge rectifier. 

The diodes of the rectifier, however, are replaced 
with SCRs to provide control of the output voltage 
(Figure 35—2). Figure 35-3 shows SCRs used for this 
type of DC motor controller. A large diode is often 
connected across the output of the bridge. This di- 
ode is known as a freewheeling or kickback diode and 
is used to kill inductive spike voltages produced in the 
armature. If armature power is suddenly interrupted, 
the collapsing magnetic field induces a high voltage 
into the armature windings. The diode is reverse biased 
when the power supply is operating under normal con- 
ditions, but an induced voltage is opposite in polarity 
to the applied voltage. This means the kickback diode 
will be forward biased to any voltage induced into the 
armature. Because a silicon diode has a voltage drop of 
0.6 to 0.7 volts in the forward direction, a high voltage 
spike cannot be produced in the armature. 





Figure 35-2 Three phase bridge rectifier. 
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Figure 35-3 This unit is designed to control a 150-HP 
DC motor. The fuses shown protect the three phase 
input lines. The large SCRs rectify the AC voltage into 
DC voltage. 
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Figure 35-4 Phase shift controls output voltage. 
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IiiiNoltage Control 


Output voltage control is achieved by phase shifting 
the SCRs. The phase shift control unit determines the 
output voltage of the rectifier (Figure 35-4). Because the 
phase shift unit is the real controller of the circuit, other 
sections of the circuit provide information to the phase 
shift control unit. Figure 35—5 shows a typical phase shift 
control unit. 


Iii/Field Failure Control 


As stated previously, if current flow through the shunt 
field is interrupted, a compound wound, DC motor will 
become a series motor and race to high speeds. Some 
method must be provided to disconnect the armature 
from the circuit in case current flow through the shunt 
field stops. Several methods can be used to sense current 
flow through the shunt field. In Chapter 28, a current 
relay was connected in series with the shunt field. A con- 
tact of the current relay was connected in series with the 
coil of a motor starter used to connect the armature to 
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the power line. If current flow were stopped, the contact 
of the current relay would open causing the circuit of the 
motor starter coil to open. 

Another method used to sense current flow is to 
connect a low value of resistance in series with the shunt 
field (Figure 35—6). The voltage drop across the sense re- 
sistor is proportional to the current flowing through the 
resistor (E = I X R). Because the sense resistor is con- 
nected in series with the shunt field, the current flow 
through the sense resistor must be the same as the cur- 
rent flow through the shunt field. A circuit can be de- 
signed to measure the voltage drop across the sense 
resistor. If this voltage falls below a certain level, a signal 
is sent to the phase shift control unit and the SCRs are 
turned off (Figure 35—7). 





Figure 35-5 Phase shift control for the SCRs. 


Courtesy of Eaton Corporation 


Mii/Current Limit Control 


The armature of a large DC motor has a very low 
resistance, typically less than 1 ohm. If the controller is 
turned on with full voltage applied to the armature, or 
if the motor stalls while full voltage is applied to the 
armature, a very large current will flow. This current can 
damage the armature of the motor or the electronic com- 
ponents of the controller. For this reason, most solid- 
state, DC motor controls use some method to limit the 
current to a safe value. 

One method of sensing the current is to insert a low 
value of resistance in series with the armature circuit. 
The amount of voltage dropped across the sense resistor 
is proportional to the current flow through the resistor. 
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Figure 35-7 Field failure control signals the phase shift control. 
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Figure 35-6 Resistor used to sense current flow through field. 
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Figure 35-8 Current transformers measure AC line current. 


When the voltage drop reaches a certain level, a signal is 
sent to the phase shift control telling it not to permit any 
more voltage to be applied to the armature. 

When DC motors of about 25 HP or larger are to 
be controlled, resistance connected in series with the ar- 
mature can cause problems. Therefore, another method 
of sensing armature current can be used (Figure 35-8). 
In this circuit, current transformers are connected to the 
AC input lines. The current supplied to the rectifier will 
be proportional to the current supplied to the armature. 
When a predetermined amount of current is detected 
by the current transformers, a signal is sent to the phase 
shift control telling it not to permit the voltage applied 
to the armature to increase (Figure 35-9). This method 
of sensing the armature current has the advantage of 
not adding resistance to the armature circuit. Regardless 
of the method used, the current limit control signals the 
phase shift control, and the phase shift control limits the 
voltage applied to the armature. 


Iii/Speed Control 


The greatest advantage of using direct current motors is 
their variable speed characteristic. Although the ability to 
change motor speed is often desirable, it is generally nec- 
essary that the motor maintain a constant speed once it 
has been set. For example, assume that a DC motor can 
be adjusted to operate at any speed from 0 to 1800 RPM. 
Now assume that the operator has adjusted the motor 


Chapter 35 Solid-State DC Motor Controls @ 367 






RECTIFIER 


PHASE 
SHIFT 
CONTROL 






FIELD 
FAILURE 


Figure 35-9 Current flow to armature is limited. 


to operate at 1200 RPM. The operator controls are con- 
nected to the phase shift control unit (Figure 35-10). If 
the operator desires to change speed, a signal is sent to the 
phase shift control unit and the phase shift control permits 
the voltage applied to the armature to increase or decrease. 

A DC motor, like many other motors, will change 
speed if the load is changed. If the voltage connected 
to the armature remains constant, an increase in load 
causes the motor speed to decrease, or a decrease in 
load causes the motor speed to increase. Because 
the phase shift unit controls the voltage applied to the 
armature, it can be used to control motor speed. If 
the motor speed is to be held constant, some means 
must be used to detect the speed of the motor. A very 
common method of detecting motor speed is with the 
use of an electrotachometer (Figure 35-11). An elec- 
trotachometer is a small, permanent, magnet generator 
connected to the motor shaft. The output voltage of the 
generator is proportional to its speed. The output voltage 
of the generator is connected to the phase shift control 
unit (Figure 35—12). If load is added to the motor, the 
motor speed decreases. When the motor speed decreases, 
the output voltage of the electrotachometer drops. The 
phase shift unit detects the voltage drop of the tachom- 
eter and increases the armature voltage until the tachom- 
eter voltage returns to the proper value. 

If the load is removed, the motor speed increases. 
An increase in motor speed causes an increase in the 
output voltage of the tachometer. The phase shift unit 
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Figure 35-11 DC motor with tachometer attached. 
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Figure 35-12 Electrotachometer measures motor speed. 


or removed. An SCR motor control unit is shown in 
Figure 35-13. 


fi/Review Questions 


1. What electronic component is generally used to 
change the AC voltage into DC voltage in large DC 
motor controllers? 


2. Why is this component used instead of a diode? 


3. What is a freewheeling or kickback diode? 





Courtesy of Eaton Corporation 


4. Name two methods of sensing the current flow 
through the shunt field. 


Figure 35-13 An SCR motor control unit mounted in a cabinet. 5. Name two methods of sensing armature current. 


6. What unit controls the voltage applied to the 
armature? 


; 7. What device is often used to sense motor speed? 
detects the increase of tachometer voltage and causes 


a decrease in the voltage applied to the armature. Elec- 8. If the motor speed decreases, does the output 
tronic components respond so fast that there is almost voltage of the electrotachometer increase or 
no noticeable change in motor speed when load is added decrease? 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidaéor oC hapterfs). 
Editorial review has decmed that any suppressed aonttent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 





ht 201? Coneawe Leaning. Al Rights Reserved. May net he cepied. scanned. or duplicated. in whole erin part. Due te cloctremic rights. seme third paity ountent may be suppressed fun the oBaok aiddor oChapter(s7. 
Editorial review has deemed that any supp ntntdees net materially affect the eerall lcaming experience: Cengage Learning reserves the right te remeve additional content atany time if subsequent rights restrictispas require it, 





Chapier 36 





The speed of a three phase induction motor can be controlled by either changing 
the number of stator poles per phase, as is the case with consequent pole motors, 
or by changing the frequency of the applied voltage. Both methods produce a 
change in the synchronous speed of the rotating magnetic field. The chart shown in 
Figure 36-1 indicates that when the frequency is changed, a corresponding change in 
synchronous speed results. 

Changing frequency, however, causes a corresponding change in the inductive 
reactance of the windings (X, = 27fL). Because a decrease in frequency produces 
a decrease in inductive reactance, the amount of voltage applied to the motor must 
be reduced in proportion to the decrease of frequency to prevent overheating the 
windings due to excessive current. Any type of variable frequency control must also 
adjust the output voltage with a change in frequency. There are two basic methods 
of achieving variable frequency control—alternator and solid state. 


Mii/A\ternator Control 


Alternators are often used to control the speed of several induction motors that require 
the same change in speed, such as motors on a conveyer line (Figure 36-2). The alterna- 
tor is turned by a DC motor or an AC motor coupled to an eddy current clutch. The 
output frequency of the alternator is determined by the speed of the rotor. The output 
voltage of the alternator is determined by the amount of DC excitation current applied 
to the rotor. Because the output voltage must change with a change of frequency, a vari- 
able voltage DC supply is used to provide excitation current. Most controls of this type 
employ some method of sensing alternator speed and make automatic adjustments to 
the excitation current. 


POLES PER] SYNCHRONOUS SPEEDINPM 
PHASE 


| 2 | se00 | s000 | ‘2400 | 1800 | 1200 | 600 | 
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Figure 36—1 Synchronous speed is determined by the 
number of stator poles and frequency. 





Objectives 


After studying this chapter 
the student will be able to: 


>> Explain how the speed of 
an induction motor can be 
changed with a change of 
frequency. 


>> Discuss different methods of 
controlling frequency. 


>> Discuss precautions that 
must be made when the fre- 
quency is lowered. 


>> Define the terms ramping 
and volts per hertz. 
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Figure 36-2 An alternator controls the speed of several induction motors. 


Mii/Solid-State Control 


Most variable frequency drives operate by first chang- 
ing the AC voltage into DC and then changing it back to 
AC at the desired frequency. A variable frequency drive 
designed to control motors up to 500 HP depending on 
model is shown in Figure 36—3. Several methods are used 
to change the DC voltage back into AC. The manufac- 
turer, age of the equipment, and the motor horsepower 
the drive must control generally determine the method 
employed. Variable frequency drives intended to control 
the speed of motors up to 500 HP generally use transis- 
tors. In the circuit shown in Figure 36-4, a three phase 
bridge rectifier changes the alternating current into direct 
current. The bridge rectifier uses six SCRs (Silicon Con- 
trolled Rectifiers). The SCRs permit the output voltage 
of the rectifier to be controlled. As the frequency de- 
creases, the SCRs fire later in the cycle and lower the 
output voltage to the transistors. A choke coil and ca- 
pacitor bank are used to filter the output voltage be- 
fore transistors QI through Q6 change the DC voltage 
back into AC. An electronic control unit is connected to 
the bases of transistors Q1 through Q6. The control unit 
converts the DC voltage back into three phase alternat- 
ing current by turning transistors on or off at the proper 
time and in the proper sequence. Assume, for example, 
that transistors Q1 and Q4 are switched on at the same 
time. This permits stator winding T1 to be connected to 
a positive voltage and T2 to be connected to a negative 
voltage. Current can flow through Q4 to T2, through the 
motor stator winding and through T1 to QI. 


El 





aia e 


Figure 36-3 A CFW® variable frequency drive can control 


motors up to 500 HP depending on the model of the drive. 
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Figure 36-4 Solid-state variable frequency control using junction transistors. 
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Figure 36-5 Square wave. 


oe 


Figure 36-6 Stepped wave. 


Now assume that transistors Q1 and Q4 are switched 
off and transistors Q3 and Q6 are switched on. Current 
now flows through Q6 to stator winding T3, through 


the motor to T2, and through Q3 to the positive of the 
power supply. 

Because the transistors are turned completely 
on or off, the waveform produced is a square wave 
(Figure 36—5) instead of a sine wave. Induction motors 
operate on a square wave without a great deal of prob- 
lem. Some manufacturers design units that produce a 
stepped waveform as shown in Figure 36—6. The stepped 
waveform is used because it more closely approximates a 
sine wave. 


lii!/Some Related Problems 


The circuit illustrated in Figure 36—4 employs the use 
of SCRs in the power supply and junction transistors in 
the output stage. SCR power supplies control the out- 
put voltage by chopping the incoming waveform. This 
can cause harmonics on the line that cause overheat- 
ing of transformers and motors, and can cause fuses to 
blow and circuit breakers to trip. When bipolar junction 
transistors are employed as switches, they are gener- 
ally driven into saturation by supplying them with an 
excessive amount of base-emitter current. Saturating the 
transistor causes the collector-emitter voltage to drop 
to between 0.04 and 0.03 volts. This small voltage drop 
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allows the transistor to control large amounts of cur- 
rent without being destroyed. When a junction transistor 
is driven into saturation, however, it cannot recover or 
turn off as quickly as normal. This greatly limits the fre- 
quency response of the transistor. 


IINGBTs 


Many transistor controlled variable frequency drives 
now employ a special type of transistor called an Insu- 
lated Gate Bipolar Transistor (IGBT). IGBTs have an 
insulated gate very similar to some types of field effect 
transistors (FETs). Because the gate is insulated, it has 
very high impedance. The IGBT is a voltage controlled 
device, not a current controlled device. This gives it the 
ability to turn off very quickly. IGBTs can be driven 
into saturation to provide a very low voltage drop 


* 


Figure 36-7 Schematic symbol for an insulated gate bipolar 
transistor. 


between emitter and collector, but they do not suffer 
from the slow recovery time of common junction tran- 
sistors. The schematic symbol for an IGBT is shown in 
Figure 36-7. 

Drives using IGBTs generally used diodes to rec- 
tify the AC voltage into DC, not SCRs (Figure 36-8). 
The three phase rectifier supplies a constant DC voltage 
to the transistors. The output voltage to the motor is 
controlled by pulse width modulation (PWM). PWM 
is accomplished by turning the transistor on and off 
several times during each half cycle (Figure 36-9), 
The output voltage is an average of the peak or maxi- 
mum voltage and the amount of time the transistor is 
turned on or off. Assume that 480 volts three phase AC 
is rectified to DC and filtered. The DC voltage applied 
to the IGBTs is approximately 630 volts. The output 
voltage to the motor is controlled by the switching of 
the transistors. Assume that the transistor is on for 
10 microseconds and off for 20 microseconds. In this 
example the transistor is on for one-third of the time 
and off for two-thirds of the time. The voltage applied 
to the motor would be 210 volts (630/3). The speed at 
which IGBTs can operate permits pulse width modula- 
tion to produce a stepped wave that is very similar to a 
standard sine wave (Figure 36-10). 


iii/Advantages and Disadvantages 
of IGBT Drives 


A great advantage of drives using IGBTs is the fact that 
SCRs are generally not used in the power supply and 
this greatly reduces problems with line harmonics. The 





Figure 36-8 Variable frequency drives using IGBTs generally use diodes in the rectifier instead of SCRs. 
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Figure 36-9 Pulse width modulation is accomplished by turning 
the voltage on and off several times during each half cycle. 





Figure 36-10 The speed of the IGBTs can produce a stepped 
wave that is similar to a sine wave. 


greatest disadvantage is that the fast switching rate of the 
transistors can cause voltage spikes in the range of 1600 
volts to be applied to the motor. These voltage spikes can 
destroy some motors. Line length from the drive to the 
motor is of great concern with drives using IGBTs. Short 
line lengths are preferred. 


Mii/\nverter Rated Motors 


Due to the problem of excessive voltage spikes caused by 
IGBT drives, some manufacturers produce a motor that 
is inverter rated. These motors are specifically designed 
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to be operated by variable frequency drives. They differ 
from standard motors in several ways: 


Many inverter rated motors contain a separate blower 
to provide continuous cooling for the motor regard- 
less of the speed. Many motors use a fan connected 
to the motor shaft to help draw air though the motor. 
When the motor speed is reduced, the fan cannot 
maintain sufficient air flow to cool the motor. 


Inverter rated motors generally have insulating paper 
between the windings and the stator core (Figure 36-11). 
The high voltage spikes produce high currents that pro- 
duce a strong magnetic field. This increased magnetic 
field causes the motor windings to move because like 
magnetic fields repel each other. This movement can 
eventually cause the insulation to wear off the wire and 
produce a grounded motor winding. 


Inverter rated motors generally have phase paper 
added to the terminal leads. Phase paper is insulating 
paper added to the terminal leads that exit the motor. 
The high voltage spikes affect the beginning lead of 
a coil much more than the wire inside the coil. The 
coil is an inductor that naturally opposes a change 
of current. Most of the insulation stress caused by 
high voltage spikes occurs at the beginning of a 
winding. 


The magnet wire used in the construction of the 
motor windings has a higher rated insulation than 
other motors. 


The case size is larger than most three phase motors. 
The case size is larger because of the added insulating 
paper between the windings and the stator core. Also, 
a larger case size helps cool the motor by providing a 
larger surface area for the dissipation of heat. 


INSULATING PAPER 


STATOR CORE 





Figure 36—11 Insulating paper is between the windings and the 
stator frame. 


Copyright 2017 Cengage Le, abn All Rights Reserved. May nat he copied, scanned, or duplivated. in whole orin part Duc to cloctroniy rights, some third party content may be suppressed from the cBook and/or eChapteifs}. 


Editevial review: has deemed that 3 





sscdvontnt docs net materially affect theaverall leaningexpericnce. Cengage Learning eserves the rightte rome additional content at any time if subsequent rights restri 


tions 3 require eit, 





376 @ Section 6 Variable Speed Drives 


fiiNariable Frequency Drives 
Using SCRs and GTOs 


Variable frequency drives intended to control motors 
over 500 HP generally used SCRs or GTO (Gate Turn 
Off) devices. GTOs are similar to SCRs except that 
conduction through the GTO can be stopped by ap- 
plying a negative voltage, negative with respect to the 
cathode, to the gate. SCRs and GTOs are thyristors 
and have the ability to handle a greater amount of cur- 
rent than transistors. Thyristors are solid-state devices 
that exhibit only two states of operation, completely 
turned on or completely turned off. An example of a 
single phase circuit used to convert DC voltage to AC 
voltage with SCRs is shown in Figure 36-12. In this 
circuit, the SCRs are connected to a phase shift unit 
that controls the sequence and rate at which the SCRs 
are gated on. The circuit is constructed so that SCRs 
A and A' are gated on at the same time and SCRs B 
and B’ are gated on at the same time. Inductors L1 and 
L2 are used for filtering and wave shaping. Diodes D1 
through D4 are clamping diodes and are used to pre- 
vent the output voltage from becoming excessive. Ca- 
pacitor Cl is used to turn one set of SCRs off when 
the other set is gated on. This capacitor must be a true 
AC capacitor because it will be charged to the alter- 
nate polarity each half cycle. In a converter intended 
to handle large amounts of power, capacitor C1 will 
be a bank of capacitors. To understand the operation 
of the circuit, assume that SCRs A and A' are gated on 
at the same time. Current flows through the circuit as 
shown in Figure 36-13. Notice the direction of current 
flow through the load. And that capacitor C1 has been 
charged to the polarity shown. When an SCR is gated 
on, it can only be turned off by permitting the current 
flow through the anode-cathode section to drop below 
a certain level called the holding current level. As long 
as the current continues to flow through the anode- 
cathode, the SCR will not turn off. 

Now assume that SCRs B and B' are turned on. 
Because SCRs A and A' are still turned on, two current 
paths now exist through the circuit. The positive charge 
on capacitor Cl, however, causes the negative electrons 
to see an easier path. The current rushes to charge the 
capacitor to the opposite polarity, stopping the current 
flowing through SCRs A and A’, permitting them to turn 
off. The current now flows through SCRs B and B' and 
charges the capacitor to the opposite polarity (Figure 
36-14). Notice that the current now flows through the 
load in the opposite direction, which produces alternat- 
ing current across the load. 
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Figure 36-12 Changing DC into AC using SCRs. 
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Figure 36-13 Current flows through SCRs A and A’. 


To produce the next half cycle of AC current, SCRs 
A and A' are gated on again. The positively charged side 
of the capacitor now causes the current to stop flowing 
through SCRs B and B' permitting them to turn off. The 
current again flows through the load in the direction 
indicated in Figure 36-13. The frequency of the circuit is 
determined by the rate at which the SCRs are gated on. 
A variable frequency drive designed to control motors 
rated from 450 HP to 2500 HP is shown in Figure 36-15. 
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Figure 36-14 Current flows through SCRs B and B’. 
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Figure 36-15 Variable frequency drive rated to control motors 


from 450 HP to 2500 HP with line voltages that range from 
380 volts to 690 volts. 


Photo courtesy WEG Electric Corp. 
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iiiFeatures of Variable Frequency 
Control 


Although the primary purpose of a variable frequency 
drive is to provide speed control for an AC motor, most 
drives provide functions that other types of controls do not. 
Many variable frequency drives can provide the low speed 
torque characteristic that is so desirable in DC motors. It is 
this feature that permits AC squirrel cage motors to replace 
DC motors for many applications. 

Many variable frequency drives also provide current 
limit and automatic speed regulation for the motor. Cur- 
rent limit is generally accomplished by connecting cur- 
rent transformers to the input of the drive and sensing 
the increase in current as load is added. Speed regulation 
is accomplished by sensing the speed of the motor and 
feeding this information back to the drive (Figure 36-16). 

Another feature of variable frequency drives is 
acceleration and deceleration control, sometimes called 
ramping. Ramping is used to accelerate or decelerate a 
motor over some period of time. Ramping permits the 
motor to bring the load up to speed slowly as opposed 
to simply connecting the motor directly to the line. Even 
if the speed control is set in the maximum position when 
the START button is pressed, ramping forces the motor 
to accelerate the load from 0 to its maximum RPM over 
several seconds. This feature can be a real advantage for 
some types of loads, especially gear drive loads. In some 
units, the amount of acceleration and deceleration time 
can be adjusted by setting potentiometers on the main 
control board (Figure 36-17). Other units are completely 
digitally controlled and the acceleration and deceleration 
times are programmed into the computer memory. 

Some other adjustments that can usually be set by 
changing potentiometers or programming the unit are as 
follows: 


Current Limit: This control sets the maximum 
amount of current the drive is permitted to deliver 
to the motor. 


Volts per Hertz: This sets the ratio by which the volt- 
age increases as frequency increases or decreases as 
frequency decreases. 


Maximum Hertz: This control sets the maximum 
speed of the motor. Most motors are intended to 
operate between 0 and 60 Hz, but some drives per- 
mit the output frequency to be set above 60 Hz, 
which would permit the motor to operate at higher 
than normal speed. The maximum hertz control can 
also be set to limit the output frequency to a value 
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THREE PHASE LINE 


CURRENT TRANSFORMERS 


HALL EFFECT 
SPEED SENSOR 





Figure 36-16 Most variable frequency drives provide current limit and speed regulation. 





Figure 36-17 Some variable frequency drives permit setting to be made by making adjustments on a main 
control board. 
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less than 60 Hz, which would limit the motor speed 
to a value less than normal. 


Minimum Hertz: This sets the minimum speed the 
motor is permitted to run. 


Some variable frequency drives permit adjustment 
of current limit, maximum and minimum speed, or 
ramping time by adjustment of trim resistors located 
on the main control board. Other drives employ a mi- 
croprocessor as the controller. The values of current 
limit, speed, or ramping time for these drives are pro- 
grammed into the unit and are much easier to make and 


 € 
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are generally more accurate than adjusting trim resis- 
tors. A programmable variable frequency drive is shown 
in Figure 36-18. 

Other features of some variable frequency drive can 
include dynamic braking and in some cases regenera- 
tive braking. Regenerative braking permits the energy to 
be fed back into the power system. Most of the hybrid 
electric automobiles employ regenerative braking to per- 
mit power to be delivered back to the batteries when the 
brakes are applied. 

Variable frequency drives are generally intended to 
control three phase motors. Some drives are designed to 
operate on single phase power and others are designed 


Courtesy Toshiba Intemational Corporation 


Figure 36-18 A G9® low voltage variable frequency drive for severe duty applications. This 
frame size is 230 V/3 to 5 HP. 460 V/5 HP. Programmable variable frequency drives permit settings 
such as current limit, volts per hertz, maximum and minimum Hz, acceleration, and deceleration 


to be programmed into the unit. 
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to operate on three phase power. A drive designed to op- 
erate on three phase power can generally be operated on 
single phase provided certain limitations are observed. 


* The output horsepower of the drive must be derated. 


* The three phase motor connected to the drive should 
be designed to operate on the voltage supplying 
power to the drive. If the drive is connected to 
240 volts single phase, the motor should be designed 
to operate on 240 volts three phase. 


fiiiReview Questions 


1. What is the synchronous speed of a six-pole 
motor operated with an applied voltage of 20 Hz? 


2. Why is it necessary to reduce the voltage to a 
motor when the frequency is reduced? 


3. If an alternator is used to provide variable frequency, 
how is the output voltage of the alternator controlled? 


4. What solid-state device is generally used to 
produce variable frequency in drives designed 
to control motors up to 500 HP? 


5. Why are SCRs used to construct a bridge 
rectifier in many solid-state variable frequency 
drives? 


6. 


What is the main disadvantage of using SCRs in a 
variable frequency drive? 


7. How are junction transistors driven into saturation 


10. 


WP 


12. 


13. 
14. 


T5. 


and what is the advantage of driving a transistor 
into saturation? 


. What is the disadvantage of driving a junction 


transistor into saturation? 


. What is the advantage of an IGBT over a junction 


transistor? 


In variable frequency drives that employ 
IGBTs, how is the output voltage to the motor 
controlled? 


What type of motor is generally used with IGBT 
drives? 


What is the primary difference between a GTO 
and an SCR? 


What is a thyristor? 


After an SCR has been turned on, what must be 
done to permit it to turn off again? 


What is meant by ramping and why is 
it used? 
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Chapter 37 





MiiNotor Nameplate Data 


When it is necessary to install a motor in industry, one of the major sources of in- 
formation concerning the motor is the nameplate. The National Electrical Manufac- 
turers Association (NEMA) specifies that every motor nameplate must list specific 
items such as: 


¢ Manufacturer’s name 

* Rated voltage 

* Full load current 

¢ Frequency 

¢ Number of phases 

* Full load speed 

* Temperature rise or insulation system class 
¢ Duty or time rating 

* Horsepower 

¢ Locked rotor indicating code letter 
* Service factor 

* Frame size 

¢ Efficiency 

¢ NEMA design code 


It should be noted that not all motor manufacturers comply with NEMA specifica- 
tions and their nameplates may or may not contain all the information specified by 
NEMA. In some instances, information not specified by NEMA may also be listed 
on a nameplate. A typical motor nameplate is shown in Figure 37—1. Each item on 
the nameplate will be discussed. 


Objectives 


After studying this chapter 
the student will be able to: 


>> Determine the full load 
current rating of different types 
of motors using the National 
Electrical Code (NEC)®. 


>> Determine the conductor 
size for installing motors. 


>> Determine the overload size 
for different types of motors. 


>> Determine the size of the 
short-circuit protective device 
for individual motors and 
multimotor connections. 


>> Select the proper size starter 
for a particular motor. 


383 
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Manufacturer Name 
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Figure 37-1 Motor nameplate. 


i!/Manufacturer's Name 


The very top of the nameplate shown in Figure 37-1 is 
the manufacturer’s name. This lists the manufacturer of 
the motor. 


Horsepower 


Motors have a rate horsepower that is determined by the 
amount of torque they can produce at a specific speed 
under full load. The horsepower listed on the nameplate 
in this example is 1 horsepower, Figure 37-2. 

When James Watt invented the steam engine he 
needed to rate its power in a way that the average person 
could understand. Through experimentation, he deter- 
mined that the average horse could lift 550 pounds one 
foot in one second, or 1000 pounds 33 feet in one minute. 
Therefore, the definition of horsepower is: 
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Manufacturer Name 


Type: Induction 
Volts: 208-230/460 
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Figure 37-2 The motor nameplate indicates that the motor 
is 1 horsepower. 


HP = ft. lb. per minute/33,000 
or 
HP = ft. lb. per second/550 


Torque is the twisting or turning force produced 
by the motor. It is rated in either foot-pounds or inch- 
pounds depending on the motor. Horsepower and torque 
are related as shown by the formula: 


HP = (Torque X Speed)/Constant 


If the torque is given in foot-pounds, the con- 
stant is 5252 (33,000/277). If the torque is given 
in inch-pounds the constant is 63,025 (5252 X 12). 
Standard NEMA horsepower ratings are shown 
in Figure 37-3. 
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STANDARD NEMA HORSEPOWER RATINGS 


1 30 300 1250 
1% 40 350 1500 
2 50 400 1750 
3 60 450 2000 
5 75 500 2250 


7% 100 600 2500 
10 125 700 3000 
15 150 800 3500 
20 200 900 8§=©4000 
25 250 1000 


Figure 37-3 The chart lists the standard NEMA horsepower 


ratings. 


HRPM 


The RPM indicates the speed in Revolutions Per Min- 
ute that the motor will run at rate full load. The motor 
will run faster at light load or no load. The nameplate 
shown in Figure 37-4 indicates that the motor will 


Manufacturer Name 


| 


Type: Induction 
Volts: 208-230/460 


Code K 
NEMA F.L. Eff. .77 


Model No. xxx123 SER# 123456 


4 5 6 4 = 6 
o_e-————"* 
7 8 9 | | ‘| 
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Low Voltage High Voltage 


Figure 37-4 The motor has a full load speed of 1720 RPM. 
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have a speed of 1720 RPM when the motor is under 
full load. 


Frequency 


The frequency is measured in Hertz. The standard fre- 
quency used throughout the United States and Canada is 
60 Hz. Some manufacturers, however, design motors for 
use in both the United States and Europe. The standard 
frequency in Europe is 50 Hz. Motors with a frequency 
rating of 50/60 Hz are not uncommon. The nameplate in 
Figure 37-5 indicates that the motor is designed to oper- 
ate on a frequency of 60 Hz. 


Phases 


Phase indicates the number of phases on which the 
motor is designed to operate. Most industrial motors are 
three phase, which means that the power connected to 
them is three separate lines with the voltages 120° out- 
of-phase with each other. Other alternating current mo- 
tors are generally single phase. Although there are some 
single-phase motors used in industrial applications, most 
are found in residential applications. Although two phase 
motors do exist, they are extremely rare in the United 


Manufacturer Name 


z 


Type: Induction 
Volts: 208-230/460 


Duty: Cont 
SF 1.15 


NEMA Design B 


NEMAF.LEf. 77 | ins. Bo 


Model No. xxx123 SER# 123456 
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qo -"8 
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ie ate 
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Max. Temp: 40° C 
Code K 





Figure 37-5 The nameplate indicates an operating 
frequency of 60 Hz. 
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Manufacturer Name 


enc OOP =| Conk. 
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Figure 37-6 The motor operates on three phase power. 


States. The nameplate in Figure 37—6 indicates that the 
motor is to operate on three phase power. 


Motor Type 


Three phase motors can be divided into three general 
types: squirrel cage induction, wound rotor induction, 
and synchronous. Motors listed as “induction” will 
generally be squirrel cage type, which describes the 
type of rotor used in the motor. Wound rotor induc- 
tion motors are easily recognized by the fact that they 
contain three slip rings on the rotor shaft. Synchronous 
motors are not induction-type motors. The nameplate 
shown in Figure 37-7 lists this motor as an induction 
type motor. 


Frame 


The frame number indicates the type of motor frame. 
A chart is generally needed to determine the exact 
dimensions of the frame. When dealing with frame sizes, 
a general rule of thumb is that the centerline shaft height 
(dimension D) above the bottom of the base is the first two 
digits of the frame number divided by 4. The nameplate in 


Manufacturer Name 


RPM 1720 


Volts: 208-230/460 FLA: 3.8-3.6/1.8 
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Figure 37-7 The motor is an induction type. 
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Figure 37-8 indicates that the motor has a 143T frame. Figure 37-8 The motor has a 143T frame. 
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A frame 143T, for example, would have a shaft height 
of 3.5 inches (14/4) above the base of the motor. The 
chart in Figure 37-9 lists frame sizes for common U and 
T type motors. 

In addition to frame numbers, letters also appear at 
the end of the numbers. These letters represent different 
frame styles. 


C — The letter C designates a flange-mounted motor. 
C style is the most popular flange-mounted motor 
and have a specific bolt pattern on the shaft end 
of the motor that permits mounting to the driven 
device. C flange motors always have threaded bolt 
holes in the face of the motor. 


D- Another type of flange mount motor is the D. 
The flange diameter of these motors is larger 
than the body of the motor and the bolt holes are 
not threaded. They are designed for bolts to pass 
through the holes. 


H — These frames are used on some 56 frame motors. 
The H indicates that the base can be mounted in 
either 56, 143T, or 145T mounting positions. 


J —J indicates that the motor is especially designed 
to mount to jet pumps. It has a threaded stain- 
less steel shaft and a standard 56C face. 


JM — The letters JM indicate that the pump shaft is 
designed for a mechanical seal. This motor also 
has a C face. 


JP — Similar to the JM motor. The seal is designed for 
a packing type seal. 


S —S indicates that the motor has a short shaft. They 
are generally intended to be directly coupled to a 
load. They are not intended to be used with belt 
drives. 


T—T frame motors were standardized after 1964. 
Any motor with a T at the end of the frame size 
was made after 1964. 


U-—NEMA first standardized motor frames in 1952. 
Motors with a U in the frame number were manu- 
factured between 1952 and 1964. 


Y — Y indicates that the motor has a special mount- 
ing configuration. It does not indicate what 
the configuration is; only that it is non-standard. 


Z-—Z indicates that the motor has a special shaft. It 
could be longer, larger in diameter, threaded, or 
contain holes. Z indicates that the shaft is special 
in some undefined way. 
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Voltage 


Volts indicate the operating voltage of the motor. The 
nameplate in Figure 37-10 indicates that the motor in 
this example is designed to operate on different voltages 
depending on the connection of the stator windings. 
These motors are generally referred to as “dual voltage 
motors.” If the motor is connected for low voltage oper- 
ation it will operate on 208 or 230 volts. If it is connected 
for high voltage operation it will operate on 460 volts. 
The 230-volt rating applies for voltage ranges of 220 to 
240 volts. The 460-volt rating applies for voltage ranges 
of 440 to 480 volts. 


Full Load Current 


The ampere rating indicates the amount of current 
the motor should draw at full load. It will draw less 
current at light load or no load. Note that there are 
three currents listed. The first two currents (3.8 — 3.6) 
amperes indicate the amount of current the mo- 
tor should draw when connected to 208 or 230 volts, 
respectively. The last current rating of 1.8 amperes 
indicates the amount of full load current the motor 
should draw when connected to 460 volts. The name- 
plate shown in Figure 37-11 lists the current as FLA 
(Full Load Amps). Some nameplates simply list the 
current as AMPS. 


Enclosure 


The nameplate in Figure 37—12 indicates that the motor 
has an ODP type enclosure. Motors have different types 
of enclosures depending on the application. Some of the 
common enclosures are: 


ODP — Open Drip Proof — these are very common. 
The case has openings to permit ventilation 
through the motor windings. 


TEFC — Totally Enclosed Fan Cooled — The motor 
case is sealed to prevent the entrance of mois- 
ture or dirt. A fan is used to help cool the 
motor. 


TENV — Totally Enclosed Non-Vented — These 
motors are generally used in harsh environ- 
ments such as chemical plants. They are de- 
signed to be hosed down. 


EXP-— Explosion Proof — Totally enclosed and 
non-vented. Designed to be used in areas that 
have hazardous atmospheres. 
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Drawings represent standard TEFC general purpose motors. * Dimensions are for reference only 
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Figure 37-9 NEMA frame chart. 
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Figure 37-9 (Continued) 
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Figure 37-10 This motor can operate on different voltages. 
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Figure 37-11 The nameplate lists the full load current when the 


motor is connected to different voltages. 
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Figure 37-12 The nameplate indicates that the motor has an 
open-drip-proof enclosure. 


Duty Cycle 


The nameplate in Figure 37—13 lists the duty cycle as 
continuous. The duty cycle indicates the amount of time 
the motor is expected to operate. A motor with a contin- 
uous duty cycle is rated to run continuously at full load 
for 3 hours or more. Most motors are rated for continu- 
ous duty. 

Intermittent duty motors are intended to operate 
for short periods of time. An example of an intermittent 
duty motor is the starter motor on an automobile. These 
motors develop a large amount of horsepower in a small 
case size. If these motors were to be operated continu- 
ously for a long period of time, they would be damaged 
by overheating. 


Temperature Rise 


The maximum temperature indicates the maximum 
amount of rise in temperature the motor will exhibit 
when operating continuously at full load. The name- 
plate in Figure 37—14 indicates a maximum tem- 
perature rise of 40°C for this motor. If the motor is 
operated in an area with a high ambient temperature, 
it could cause the motor to overheat. If the motor is 
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Figure 37-13 The motor is rated for continuous duty. 
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Figure 37-14 The nameplate lists a max temperature rise 
of 40°C. 
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operated in an area with a low ambient temperature, it 
may operate at a lower temperature than that marked 
on the nameplate. 


Service Factor 


Motor Service Factor (SF) gives the allowable horse- 
power loading, which may be carried out under the 
conditions specified for the service factor at rated 
voltage and frequency. It is determined by multiply- 
ing the horsepower rating on the nameplate by the 
service factor. It gives some parameters in estimat- 
ing horsepower needs and actual running horse- 
power requirements. The nameplate shown in Figure 
37-15 indicates that the motor has a nameplate 
horsepower of | HP. The service factor, however, 
indicates that the motor is capable of producing 
1.15 HP. (1 X 1.15). Selecting motors with a service 
factor greater than | allows for cooler winding tem- 
peratures at rated load, protects against intermittent 
heat rises, and helps to offset low or unbalanced 
line voltages. 

If the motor is operated in the service factor range, 
however, it will cause a reduction in motor speed and 
efficiency, and increase motor temperature. This in turn 
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Figure 37-15 The motor has a service factor of 115 percent. 
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Figure 37-16 The motor has a locked rotor code letter K. 


will lessen the overall life span of the motor. For this 
reason, the motor should not run in the SF range con- 
tinuously. Service factors are established for operations 
at rated voltage, frequency, and ambient temperature at 
sea level conditions. 

If the horsepower requirements fall between 
standard size horsepower ratings, it is generally bet- 
ter to purchase a motor of the next higher horsepower 
rating rather than depend on operating a motor in the 
service factor range. 


Locked Rotor Code Letter 


The locked rotor code letter shown in Figure 37—16 is de- 
termined by the construction of the squirrel cage rotor. 
It can be used to determine the approximate amount of 
inrush current when the motor is started. 

The locked rotor code letter should not be con- 
fused with the NEMA design code on many motors. To 
determine the approximate starting current of a squirrel 
cage induction motor using the locked rotor code letter, 
multiply the horsepower of the motor by the kVA per 
horsepower factor and divide by the applied voltage. If 





R_| 1400-1599 | 
“e0-1700 | 


Figure 37-17 Locked rotor code letter chart. 


the motor is three phase, be sure to include the square 
root of 3 factors in the calculation. A chart showing the 
kVA per horsepower rating for different code letters is 
shown in Figure 37-17. 

Problem: A 15-horsepower, three phase motor is 
connected to 480 volts. The motor has a locked rotor 
code J. What is the approximate starting current for this 
motor? 

Solution: The chart in Figure 37-17 lists that the 
approximate mid-range value for code J is 7.5. 


HP X kVA Factor 
De 


Volts X V3 
dries RIS 
PS ~ 480 X 1.732 
deans =, LISSA 
™PS ~ 480 X 1.732 
mpg =< 112:500.VA 
— 831.36 
Amps = 135.5 
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NEMA Design Code 


Induction motors have different operating character- 
istics determined by their design. Such factors as the 
amount of iron used in the stator, the wire size, the 
number of turns of wire, and the rotor design all play 
a part in the operating characteristics of the motor. To 
obtain some uniformity in motor operating character- 
istics, NEMA assigns code letters to general purpose 
motors based on factors such as locked rotor torque, 
breakdown torque, slip, starting current, and other 
values. The NEMA code letters are: A, B, C, and D. 


A— Motors with the code letter A exhibit normal 
starting torque and high to medium starting 
current. These motors are considered to exhibit 
normal starting torque and normal breakdown 
torque. They have a maximum slip of 5 percent 
and are suited for a variety of applications such 
as fans and pumps. 

Percent slip is a measure of the decrease in 
speed that will occur when load is added to a mo- 
tor. To determine the full load speed of an induction 
motor when the percent slip is known, multiply the 
synchronous speed by the percent slip and subtract 
that number from the synchronous speed. Synchro- 
nous speed is the speed of the rotating magnetic field. 





B — Design B motors are the most common. They 
exhibit high starting torque and low starting 
current. They have sufficient lock rotor starting 
torque to start most industrial loads. They exhibit 
normal breakdown torque and a maximum of 
5 percent slip. They are commonly used in HVAC 
applications with fans, blowers, and pumps. The 
nameplate in Figure 37-18 indicates that this mo- 
tor has a NEMA design code B. 
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Figure 37-18 The nameplate indicates that this motor has a 
NEMA design code B. 


C — Motors with the code letter C have high starting 
torques and low starting currents. They are used 
to start high inertia loads such as positive dis- 
placement pumps, centrifuges, and loads that re- 
quire the use of flywheels. They have a maximum 
of 5 percent slip. 


D — Design D motors exhibit very high starting torque 
and low starting current. However, these mo- 
tors exhibit a large amount of rotor slip, in the 
range of 5 percent to 13 percent, when load is 
added. Design D motors are generally used for 
equipment that require high inertia starts such as 
cranes and hoists. 


Motor Efficiency 


The full load efficiency indicates the overall efficiency 
of the motor. The efficiency basically describes the 
amount of electrical energy supplied to the motor that 
is converted into kinetic energy. The remaining power is 
a loss and is mostly converted into heat. The nameplate 
in Figure 37—19 indicates that the motor in this example 
has an efficiency of 77 percent. 
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Figure 37-19 The motor in this example has an efficiency of 
77 percent. 


Insulation Classification 


The nameplate in Figure 37-20 indicates that this 
motor has a temperature classification B. The clas- 
sification of insulation greatly affects the life span of 
the motor. Motor temperature is based on the hottest 
point in the motor under full load operation and is 
determined by the temperature rise of the motor and 
the surrounding ambient air temperature. Motors 
that operate in hotter climates should have a higher 
insulation temperature rating. The thermal capacity 
of different insulations is rated as A, B, F, and H. 
The chart shown in Figure 37—21 lists the amount of 
temperature each is designed to handle over a 20,000- 
hour period. 


Model and Serial Numbers 


The model number is assigned by the manufacturer. It 
can be used to purchase a motor with identical char- 
acteristics. Many motors with the same model number 
can generally be obtained. The serial number is also 
assigned by the manufacturer. The serial number, how- 
ever, is used to identify a particular motor. No other 
motor should have the same serial number. 
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Figure 37-20 The motor has an insulation rating B. 
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Figure 37-21 The chart lists the temperature rating of different 
insulation types. 


Connection Diagrams 


The connection diagrams for both low and high 
voltage connections are given on the nameplate shown 
in Figure 37-22. Most dual voltage motors contain 
nine leads in the terminal connection box. These leads 
are numbered T1 through T9. The connection dia- 
gram is used to make high or low voltage connection 
for the motor. In the diagram shown, if the motor is 
to be operated on low voltage, T4, T5, and T6 should 
be connected together. Tl and T7 should be connected 
together, T2 and T8 should be connected together, and 
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Figure 37-22 The connection diagram is used to connect the 
motor for high or low voltage operation. 


T3 and T9 should be connected together. Power is con- 
nected to T1, T2, and T3. 

If the motor is connected for high voltage operation, 
T4 and T7 are connected together, T5 and T8 are con- 
nected together, and T6 and T9 are connected together. 
Power is connected to T1, T2, and T3. 


M}}!/Determining Motor Current 


There are different types of motors, such as direct 
current, single phase AC, two phase AC, and three 
phase AC. Different tables from the National Electrical 
Code (NEC)® are used to determine the running cur- 
rent for these different types of motors. Table 430.247 
in Figure 37—23 is used to determine the full load run- 
ning current for direct current motors. Table 430.248 in 
Figure 37—24 is used to determine the full load running 
current for single phase motors; Table 430.249 in Fig- 
ure 37—25 is used to determine the running current for 
two phase motors; and Table 430.250 in Figure 37-26 
is used to determine the full load running current for 
three phase motors. Note that the tables list the amount 
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of current that the motor is expected to draw under a 
full load condition. The motor will exhibit less current 
draw if it is not under full load. These tables list the 
ampere rating of the motors according to horsepower 
(HP) and connected voltage. It should also be noted 
that NEC® Section 430.6(A) states these tables are to 
be used to determine conductor size, short-circuit pro- 
tection size, and ground fault protection size instead of 
the nameplate rating of the motor. The motor overload 
size, however, is to be determined by the nameplate rat- 
ing of the motor. 


Direct Current Motors 


Table 430.247 lists the full load running currents for 
direct current motors. The horsepower rating of the 
motor is given in the far left column. Rated voltages 
are listed across the top of the table. The table shows 
that a one (1) HP motor will have a full load current of 
12.2 amperes when connected to 90 volts DC. If a 1 HP 
motor is designed to be connected to 240 volts, it will 
have a current draw of 4.7 amperes. 


Single Phase AC Motors 


The current ratings for single phase AC motors are 
given in Table 430.248. Particular attention should be 
paid to the statement preceding the table. The state- 
ment asserts that the values listed in this table are for 
motors that operate under normal speeds and torques. 
Motors especially designed for low speed and high 
torque, or multispeed motors, shall have their running 
current determined from the nameplate rating of the 
motor. 

The voltages listed in the table are 115, 200, 208, 
and 230. The last sentence of the preceding statement 
says that the currents listed shall be permitted for volt- 
ages of 110 to 120 volts and 220 to 240 volts. This 
means that if the motor is connected to a 120-volt line, 
it is permissible to use the currents listed in the 115-volt 
column. If the motor is connected to a 220-volt line, the 
230-volt column can be used. 





EXAMPLE: A3HP single phase AC motor is 
connected to a 208-volt line. What will be the full 
load running current of this motor? 

Locate 3 HP in the far left column of Table 
430.248. Follow across to the 208-volt column. 
The full load current will be 18.7 amperes. 
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Table 430.247 Full-Load Current in Amperes, Direct-Current Motors 
The following values of full-load currents* are for motors running at base speed. 








Armature Voltage Ratings" s 
Horsepower 90 Volts 120 Volts 180 Volts 240 Volts 500 Volts s50Volts |S = 
% 4.0 3.1 2.0 1.6 = — 32 
% 5.2 44 2.6 2.0 — — ss 
% 6.8 5.4 3.4 2.7 — — ae 
% 9.6 7.6 48 3.8 = = £5 
1 12.2 9.5 6.1 4.7 — — Bs 
1% _ 13.2 8.3 6.6 — — Es 
2 — 17.0 10.8 8.5 — — g5 
3 — 25.0 16.0 12.2 — —_ Te 
5 _ 40.0 27.0 20.0 _ — a3 
7% = 58.0 — 29.0 13.6 12.2 £8 
10 — 76.0 — 38.0 18.0 16.0 a8 
15 — — — 55.0 27.0 24.0 & 8 
20 _ _ — 72.0 34.0 31.0 = 8 
25 — — — 89.0 43.0 38.0 gs 
30 — — — 106 51.0 46.0 aS 
40 — — — 140 67.0 61.0 se 
50 _ ae — 173 83.0 75.0 = 
60 — — — 206 99.0 90.0 2 § 
75 — — — 255 123 111 E€ 
100 — — — 341 164 148 5: 
125 — — — 425 205 185 s3 
150 — — — 506 246 222 —s 
200 _ — — 675 330 294 Ee 
“These are average dc quantities. 5 5 
ee 








Figure 37-23 Table 430.247 is used to determine the full load current for direct current motors. 


Table 430.248 Full-Load Currents in Amperes, Single-Phase 
Motors 
The following values of full-load currents are for motors 
running at usual speeds and motors with normal torque 
characteristics. The voltages listed are rated motor voltages. 
The currents listed shall be permitted for system voltage 
ranges of 110 to 120 and 220 to 240 volts. 








Be 

2 & 

Horsepower 115Volts 200Volts 208Volts 230Volts |= = 

y 4.4 25 2.4 22 RE 
Mu 5.8 3.3 3.2 2.9 be. 
r 7.2 44 4.0 3.6 cee 
% 9.8 5.6 5.4 4.9 Te 
% 13.8 7.9 7.6 6.9 2as 
1 16 9.2 8.8 8.0 52 e 
1% 20 11.5 11.0 10 z Es 
2 24 13.8 13.2 12 Eas 
3 34 19.6 18.7 17 bs3 
5 56 32.2 30.8 28 gee 
7% 80 46.0 44.0 40 eds 
10 100 57.5 55.0 50 Beg 
23 


Figure 37-24 Table 430.248 is used to determine the full load current for single 
phase motors. 
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Table 430.249 Full-Load Current, Two-Phase 


Alternating-Current 
The following values of full-load current are for motors with normal torque 
_ characteristics. Current in the common conductor of a 2-phase, 3 wire system 
will be 1.41 times the value given. The voltages listed are rated motor voltages. 
The currents listed shall be permitted for system voltage ranges of 110 to 120, 


_ 220 to 240, 440 to 480, and 550 to 1000 volts. 
| 


Horsepower 


A 


Induction-Type Squirrel Cage and Wound Rotor (Amperes) 
115 Volts 230 Volts 460 Volts 575 Volts 2300 Volts 
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Motors (4-Wire) 


Reprinted with permission from NFPA 70®-2014, National Electrical Code™, Copyright © 2013, National Fire Protection Association, Quincy, MA. This reprinted 
material is not the complete and official position of the NFPA on the referenced subject, which is represented only by the standard in its entirety. 


Figure 37-25 Table 430.249 is used to determine the full load current for two phase motors. 


Two Phase Motors 


Although two phase motors are seldom used, Table 
430.249 lists the full load running currents for these 
motors. Like single phase motors, two phase motors that 
are especially designed for low speed, high torque appli- 
cations and multispeed motors, use the nameplate rat- 
ing instead of the values shown in the table. When using 
a two phase, three-wire system, the size of the neutral 
conductor must be increased by the square root of 2, or 
1.41. The reason is that the voltages of a two phase system 
are 90 degrees out-of-phase with each other as shown in 
Figure 37-27. The principle of two phase power 


generation is shown in Figure 37-28. In a two phase alter- 
nator, the phase windings are arranged 90 degrees apart. 
The magnet is the rotor of the alternator. When the ro- 
tor turns, it induces voltage into the phase windings, which 
are 90 degrees apart. When one end of each phase winding 
is joined to form a common terminal, or neutral, the cur- 
rent in the neutral conductor will be greater than the cur- 
rent in either of the two phase conductors. An example is 
shown in Figure 37-29. In this example, a two phase alter- 
nator is connected to a two phase motor. The current draw 
on each of the phase windings is 10 amperes. The current 
flow in the neutral, however, is 1.41 times greater than the 
current flow in the phase windings or 14.1 amperes. 
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Figure 37-27 The voltages of a two phase system are 
90 degrees out-of-phase with each other. 





EX AMPLE: Compute the phase current and 
neutral current for a 60 HP, 460-volt two phase 
motor. 
The phase current can be taken from Table 
430.249. 
Phase current = 67 amperes 
The neutral current will be 1.41 times higher 

than the phase current. 

Neutral current = 67 X 1.41 

Neutral current = 94.5 amperes 





o 

Table 430.250 Full-Load Current, Three-Phase Altemating-Current Motors = 
The following values of full-load currents are typical for motors running at speeds usual for belted motors and motors with normal torque characteristics. em 
The voltages listed are rated motor voltages. The currents listed shall be permitted for system voltage ranges of 110 to 120, 220 to 240, 440 to 480, and 58 
550 to 1000 volts. 2S 
2s 
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Figure 37-28 A two phase alternator produces voltages that are 
90 degrees out-of-phase with each other. 


Three Phase Motors 


Table 430.250 is used to determine the full load cur- 
rent of three phase motors. The notes at the top 
of the table are very similar to the notes of Tables 
430.248 and 430.249. The full load current of low 
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MOTOR 


Figure 37-29 The neutral conductor of a two phase system has a greater current than the other two conductors. 


speed, high torque and multispeed motors is to be 
determined from the nameplate rating instead of 
from the values listed in the table. Table 430.250 has 
an extra note that deals with synchronous motors. 
Notice that the right side of Table 430.250 is de- 
voted to the full load currents of synchronous type 
motors. The currents listed are for synchronous type 
motors that are to be operated at unity or 100 per- 
cent power factor. Because synchronous motors are 
often made to have a leading power factor by over- 
excitation of the rotor current, the full load current 
rating must be increased when this is done. If the 
motor is operated at 90 percent power factor, the 
rated full load current in the table must be increased 
by 10 percent. If the motor is to be operated at 80 
percent power factor, the full load current is to be 
increased by 25 percent. 








fi/Determining Conductor Size for 
a Single Motor 


NEC® Section 430.6(A) states that the conductor for a 
motor connection shall be based on the values from Tables 
430.247, 430.248, 430.249, and 430.250 instead of the motor 
nameplate current. Section 430.22(A) states that conduc- 
tors supplying a single motor shall have an ampacity of not 
less than 125 percent of the motor full load current. NEC® 
Section 310 is used to select the conductor size after the am- 
pacity has been determined. The exact table employed will 
be determined by the wiring conditions. Probably the most 
frequently used table is Table 310.15(B) (16), Figure 37-30. 


Termination Temperature 


Another factor that must be taken into consideration 
when determining the conductor size is the temperature 
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Table 310.15(B)(16) Allowable Ampacitis of Insulated Conductors Rated 0 Through 2000 Volts, 60°C 


Through 90°C ( 
Cable, or Earth 


feces ee eee Te 
(Direct Buried), on Ambient 


Conductors in Raceway, 


Temperature of 30°C (86°F) 


Temperature Rating of Conductors [See Table 310.104(A)] 


75°C (167°F) | 90°C (194°F) 


75°C (167°F) 





Figure 37-30 Table 310.15(B)(16) is used to determine the ampacity of conductors. 


rating of the devices and terminals as specified in NEC® 
Section 110.14(C). This section states that the conductor 
is to be selected and coordinated as to not exceed the low- 
est temperature rating of any connected termination, any 
connected conductor, or any connected device. This means 
that regardless of the temperature rating of the conductor, 
the ampacity must be selected from a column that does 
not exceed the temperature rating of the termination. The 
conductors listed in the first column of Tuble 310.15(B) 


(16) have a temperature rating of 60°C, the conductors in 
the second column have a rating of 75°C, and the conduc- 
tors in the third column have a rating of 90°C. The temper- 
ature ratings of devices such as circuit breakers, fuses, and 
terminals are found in the UL (Underwriters Laboratories) 
product directories. Occasionally, the temperature rating 
may be found on the piece of equipment, but this is the ex- 
ception and not the rule. As a general rule the temperature 
rating of most devices will not exceed 75°C. 
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When the termination temperature rating is not 
listed or known, NEC® Section 110.14(C)(1)(a) states 
that for circuits rated at 100 amperes or less, or for #14 
AWG through #1 AWG conductors, the ampacity of the 
wire, regardless of the temperature rating, will be selected 
from the 60°C column. This does not mean that only 
those types of insulation listed in the 60°C column can 
be used, but that the ampacities listed in the 60°C column 
must be used to select the conductor size. For example, 
assume that a copper conductor with type XHHW insu- 
lation is to be connected to a 50-ampere circuit breaker 
that does not have a listed temperature rating. Accord- 
ing to NEC® Table 310.15(B) (16), a #8 AWG copper 
conductor with XHHW insulation is rated to carry 55 
amperes of current. Type XHHW insulation is located 
in the 90°C column, but the temperature rating of the 
circuit breaker is not known. Therefore, the wire size 
must be selected from the ampacity ratings in the 60°C 
column. A #6 AWG copper conductor with type XHHW 
insulation would be used. 

NEC® Section 110.14(C)(1)(a)(4) has a special 
provision for motors with marked NEMA design codes 
B, C, D, or E. This section states that conductors rated 





EXAMPLE: A30 HBP three phase squirrel 
cage induction motor is connected to a 480-volt 
line. The conductors are run in conduit to the 
motor. The motor does not have a NEMA design 
code listed on the nameplate. The termination 
temperature rating of the devices is not known. 
Copper conductors with THWN insulation are 
to be used for this motor connection. What size 
conductors should be used? 

The first step is to determine the full load 
current of the motor. This is determined from 
Table 430.250. The table indicates a current of 
40 amperes for this motor. The current must be 
increased by 25 percent according to Section 
430.22(A). 


40 x 1.25 = 50 amperes 


Table 310.15(B)(16) is used to determine the 
conductor size. Locate the column that contains 
THWN insulation in the copper section of the 
table. THWN is located in the 75°C column. 
Because this circuit is less than 100 amperes and 
the termination temperature is not known, and 
the motor does not contain a NEMA design code 
letter, the conductor size must be selected from 
the ampacities listed in the 60°C column. A #6 
AWG copper conductor with type THWN insula- 
tion will be used. 
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at 75°C or higher may be selected from the 75°C column, 
even if the ampacity is 100 amperes or less. This code will 
not apply to motors that do not have a NEMA design 
code marked on their nameplate. Most motors manufac- 
tured before 1996 will not have a NEMA design code. 
The NEMA design code letter should not be confused 
with the code letter that indicates the type squirrel cage 
rotor used in the motor. 

For circuits rated over 100 amperes, or for conduc- 
tor sizes larger than #1 AWG, Section 110.14(C) (1) (b) 
states that the ampacity ratings listed in the 75°C column 
may be used to select wire sizes unless conductors with a 
60°C temperature rating have been selected for use. For ex- 
ample, types TW and UF insulation are listed in the 60°C 
column. If one of these two insulation types has been 
specified, the wire size must be chosen from the 60°C col- 
umn regardless of the ampere rating of the circuit. 


li!/Overload Size 


When determining the overload size for a motor, the 
nameplate current rating of the motor is used instead 
of the current values listed in the tables [VEC® Section 
430.6(A)]. Other factors such as the service factor (SF) 
or temperature rise (°C) of the motor are also to be con- 
sidered when determining the overload size for a motor. 
The temperature rise of the motor is an indication of 
the type of insulation used on the motor windings and 
should not be confused with termination temperature 
discussed in Section 110.14(C). NEC® Section 430.32 
(Figure 37-31), is used to determine the overload size for 
motors of one horsepower or more. The overload size 
is based on a percentage of the full load current of the 
motor listed on the motor nameplate. 





EXAMPLE: A 25 HP three phase induction 
motor has a nameplate rating of 32 amperes. 
The nameplate also shows a temperature rise 
of 30°C. Determine the percent rating of the 
overload for this motor. 

NEC® Section 430.32(A)(1) indicates the 
overload size is 125 percent of the full load 
current rating of the motor. 

If for some reason this overload size does not 
permit the motor to start without tripping out, 
Section 430.32(C) permits the overload size to be 
increased to a maximum of 140 percent for this 
motor. If this increase in overload size does not 
solve the starting problem, the overload may be 
shunted out of the circuit during the starting 
period in accordance with Section 430.35(A)&(B). 
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| (A) More than 1 Horsepower. Each motor used in a 
| continuous duty application and rated more than 1 
HP shall be protected against overload by one of 
the following means in 430.32(A)(1) through (A)(4). 


(1) Separate Overload Device. A separate overload 
| device that is responsive to motor current. This 
| device shall be selected to trip or shall be rated at 
no more than the following percent of the motor 
| nameplate full-load current rating: 





Figure 37-31 Section 430-32 is used to determine overload size for 


motors. 
Reprinted with permission from NFPA 70®-2014, National Electrical Codé®, Copyright © 2013, National Fire 


Protection Association, Quincy, MA. This reprinted material is not the complete and official position of the NFPA on 


the referenced subject, which is represented only by the standard in its entirety. 








M/i/Determining Locked-Rotor 
Current 


There are two basic methods for determining the locked- 
rotor current (starting current) of a squirrel cage induc- 
tion motor depending on the information available. If 
the motor nameplate lists code letters that range from 
A to V, they indicate the type of rotor bars used when 
the rotor was made. Different types of bars are used to 
make motors with different operating characteristics. 
The type of rotor bars largely determines the maximum 
starting current of the motor. NEC® Table 430.7(B) 
Figure 37—32 lists the different code letters and gives 
the locked-rotor kilovolt-amperes per horsepower. The 
starting current can be determined by multiplying the 
kVA rating by the horsepower rating and then dividing 
by the applied voltage. 


Reprinted with permission from NFPA 70-2014, National Electrical Code”, Copyright © 2013, National Fire Protection 
Association, Quincy, MA. This reprinted material is not the complete and official position of the NFPA on the referenced 


subject, which is represented only by the standard in its entirety. 


Figure 37-32 Table 430.7(B) is used to determine locked-rotor current for 
motors that do not contain a NEMA code letter. 
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EXAMPLE: A 15 HP three phase squirrel 
cage motor with a code letter of K is connected 
to a 240-volt line. Determine the locked-rotor 
current. 

The table lists 8.0 to 8.99 kVA per horsepower 
for a motor with a code letter of K. An average 
value of 8.5 will be used. 


8.5 X 15 = 127.5 kVA or 127,500 VA 


127,500 
240 x V3 


The second method of determining locked-rotor 
current is to use Tables 430.251(A)&(B), Figure 
37-33 if the motor nameplate lists NEMA design 
codes. Table 430.251(A) lists the locked-rotor 
currents for single phase motors and Table 
430.251(B) lists the locked-rotor currents for 
poly-phase motors. 


= 306.7 amperes 


Piii/Short-Circuit Protection 


The rating of the short-circuit protective device is deter- 
mined by NEC® Table 430.52 Figure 37-34. The far left 
column lists the type of motor that is to be protected. 
To the right are four columns that list different types of 


rating 





Maximum Locked-Rotor Current in 
Amperes, Single Phase 
Rated 
Horsepower 115 Volts 208 Volts 230 Volts 
h 58.8 32.5 29.4 
A 82.8 45.8 41.4 
1 96 53 48 
a3 120 66 60 
3: 204 113 102 
a 336 186 168 
7h 480 265 240 


1000 






Table 430.251(A) Conversion Table of Single-Phase 
Locked-Rotor Currents for Selection of Disconnecting Means 
and Controllers as Determined from Horsepower and Voltage 


For use only with 430.110, 440.12, 440.41, and 455.8(C) 
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EXAMPLE: A100 HP three phase squirrel 
cage induction motor is connected to a 240-volt 
line. The motor does not contain a NEMA design 
code. A dual-element time delay fuse is to be 
used as the short-circuit protective device. 
Determine the size needed. 

Table 430.250 lists a full load current of 248 
amperes for this motor. Table 430.52 indicates 
that a dual-element time delay fuse is to be 
calculated at 175 percent of the full load cur- 
rent rating for an AC poly-phase (more than one 
phase) squirrel cage motor, other than Design B. 
Because the motor does not list a NEMA design 
code on the nameplate, it will be assumed that 
the motor is Design B. 


248 X 1.75 = 434 amperes 


The nearest standard fuse size above the 
computed value listed in Section 240.6 is 450 
amperes, so 450 ampere fuses will be used to 
protect this motor. 

lf for some reason this fuse will not permit 
the motor to start without blowing, NEC® Sec- 
tion 430.52 (C)(1) Exception 2(b) states that the 
rating of a dual-element time delay fuse may be 
increased to a maximum of 225 percent of the 
full load motor current. 





















332 


Figure 37-33 Tables 430.251(A) & (B) are used to determine locked-rotor 
current for motors that do contain NEMA code letters. 
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Table 430.251(8) Conversion Table of Polyphase Design B, C, and D Maximum Locked-rotor Currents for 
Selection of Disconnecting Means and Controllers as Determined from Horsepower and Voltage Rating and 


Design Letter 
For use only with 430.110, 440.12, 440.41, and 455.8(C) 


Maximum Motor Locked-Rotor Current in Amperes, Two and Three-Phase Design B, C, and D* 


115 Volts 
B,C,D 


40 
50 
60 
80 


200 Volts 
B,C,D 


23 
28.8 
34.5 
46 
57:5 
73.6 
105.8 
146 


186.3 
267 
334 
420 
500 
667 


834 
1001 
1248 
1668 
2087 
2496 
3335 


100 
125 
150 
200 


250 
300 
350 
400 
450 
500 


“Design A motors are not limited to a maximum starting current or locked rotor current. 


208 Volts 
B,C,D 


22.1 
27.6 
33 
44 
55 
71 





230 Volts 
B,C,D 


20 
25 
30 
40 
50 
64 
92 


460 Volts 
B,C,D 


10 
12.5 
15 
20 
25 
32 
46 
63.5 


81 


575 Volts 
B,C,D 


8 
10 
12 
16 
20 


Copyright © 2013, National Fire Protection Association, Quincy, MA. This reprinted material is not the 
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Reprinted with permission from NFPA 70®-2014, National Electrical Code™, 


Figure 37-33 Tables 430.251(A) & (B) are used to determine locked-rotor current for motors that do contain NEMA code letters. 


short-circuit protective devices; non—time delay fuses, dual- 
element time delay fuses, instantaneous trip circuit breakers, 
and inverse time circuit breakers. Although it is permissible 
to used non—time delay fuses and instantaneous trip circuit 
breakers, most motor circuits are protected by dual-element 
time delay fuses or inverse time circuit breakers. 

Each of these columns lists the percentage of motor 
current that is to be used in determining the ampere rat- 
ing of the short-circuit protective device. The current 
listed in the appropriate motor table is to be used instead 
of the nameplate current. NEC® Section 430.52(C) (1) 
states that the protective device is to have a rating or set- 
ting not exceeding the value calculated in accord with 
Table 430.52. Exception No. 1 of this section, however, 


states that if the calculated value does not correspond to 
a standard size or rating of a fuse or circuit breaker then 
it shall be permissible to use the next higher standard 
size. The standard sizes of fuses and circuit breakers are 
listed in NEC® Section 240.6 Figure 37-35. 

Starting in 1996, Table 430.52 lists squirrel cage 
motor types by NEMA design letters instead of code 
letters. Section 430.7(A) (9) requires that motor name- 
plates be marked with design letters B, C, D, or E. 
Motors manufactured before this requirement, however, 
do not list design letters on the nameplate. Most com- 
mon squirrel cage motors used in industry actually fall 
in the Design B classification and for purposes of select- 
ing the short-circuit protective device are considered to 
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Table 430.52 Maximum Rating or Setting of Motor Branch-Circuit 
__Short-Circuit and Ground-Fault Protective Devices 


Percentage of Full-Load Current ’ 


Nontime Dual Element Instantaneous 


Fuse, 


Note: For certain exceptions to the values specified, see 430.54. 
The values in the nontime Delay Fuse column apply to time delay 


Class CC fuses. 


The values given in the last column also cover the ratings of 
nonadjustable inverse time types of circuit breakers that may be 
modified as in 430.42(C)(1). Exceptions No. 1 and No. 2. 
Synchronous motors of the low-torque, low-speed type (usually 450 
RPM or lower) such as used to drive reciprocating compressors, 
pumps, and so fourth that start unloaded do not require a fuse rating 
or circuit breaker setting in excess of 200 percent of full-load 


current. 


(Time-Delay) Trip 
Fuse 





Breaker 


Reprinted with permission fram NFPA 70® -2014, National Electrical Codé®, Copyright © 2013, National Fire Protection Association, Quincy, MA. This reprinted material is not the 
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Figure 37-34 Table 430.52 is used to determine the size of the short-circuit protective 


device for a motor. 


| 240.6 Standard Ampere Ratings — 


\ 
| (A) Fuses and Fixed-Trip Circuit Breakers. The 
| Standard ampere retinas for fuses and inverse 
_time circuit breakers shall be considered 15, 20, 
| 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 
| 110, 125, 150, 175, 200, 225, 250, 300, 350, 400, 
| 450, 500, 600, 700, 800, 1000, 1200, 1600, 
: 2000, 2500, 3000, 4000, 5000, and 6000 amperes. 
Additionally standard ampere ratings for fuses shall 
i be 1, 3, 6, 10, and 601. The use of fuses and 
| inverse time circuit breakers with nonstandard 


| ampere ratings shall be permitted. 
+ z 


Figure 37-35 Section 240.6 lists standard fuse and 


circuit breaker sizes. 





Reprinted with permission from NFPA 70® -2014, 


National Electrical Code”, Copyright © 2013, National 


Fire Protection Association, Quincy, MA. This reprinted 
material is not the complete and official position of the 
NFPA on the referenced subject, which is represented 


only by the standard in its entirety. 


be Design B unless otherwise listed. Design B motors ex- 
hibit a little higher efficiency than other types of motors, 
but they also have a higher starting current. 


Mii/Starter Size 


Another factor that must be considered when installing 
a motor is the size starter used to connect the motor to 
the line. Starter sizes are rated by motor type, horsepower, 
and connected voltage. The two most common ratings are 
NEMA and IEC. A chart showing common NEMA size 
starters for alternating current motors is shown in Fig- 
ure 37-36. A chart showing IEC starters for alternating 
current motors is shown in Figure 37-37. Each of these 
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Motor Starter Sizes and Ratings 








Maximum Horsepower Maximum Horsepower 
Rating-Nonplugging Rating-Nonplugging 
and Nonjogging Duty and Nonjogging Duty 
NEMA Load Single Poly NEMA Load Single Poly 
Size Volts Phase Phase Size Volts Phase Phase 
115 Yo cad 1S 1% she 
200 a 1% 200 se 25 
230 1 1% 230 15 30 
0 380 i. 1% 3 380 ot 50 
460 sag 2 460 Aah 50 
575 ne 2 575 ere 50 
115 1 a 200 tad 40 
200 vis @ 3 230 tate 50 
230 2 3 380 gee 75 
2 380 5 : 460 te 100 
460 5 STD ee 100 
575 5 
115 2 nS 200 sete 75 
200 ee 7V2 230 és 100 
230 3 TV 380 Pies 150 
’ 380 £35 10 460 $e 200 
460 ee 10 575 avs 200 
575 ae 10 
200 SS 150 
115 3 ee 230 sare 200 
4p 230 5 hey 6 380 spe 300 
460 A503 400 
575 eh 400 
115 3 a 230 ee 300 
200 aie 10 7 460 ate 600 
230 7Y2 15 575 eke 600 
2 
380 sn % 25 230 ae 450 
460 JS 25 8 460 As 900 
575 ome 25 575 eve 900 


Tables are taken from NEMA Standards. 
*1%4, 10 HP is available. 


Figure 37-36 NEMA table of standard starter sizes. 
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MOTOR | MAX. HORSEPOWER __ | 
VOLTAGE 


|.E.C. MOTOR STARTERS (60 HZ) 


MOTOR | MAX. HORSEPOWER | 
VOLTAGE 


a 

oO 
"3 +4 
as 


soni 
oO 


Fone 
# 
is 
2 
» 
a 





Figure 37-37 |.E.C. motor starters rated by size, horsepower, and voltage for 60 Hz circuits. 
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charts lists the minimum size starter designed to con- Overload heater selection for NEMA starter sizes 0 (00) -4. Heaters are 


nect the listed motors to the line. It is common to employ corespond Se fam toad caver bai? ‘faree i a eae 


larger size starters than those listed. This is especially true 


bn a aa ype] Sze0 | Suet Set 
when using IEC type starters because of their smaller load vane | Bas eae eS a] 


contact size. 


fiiiExample Problems 


In the following examples the conductor size, over cur- 
rent protection size, starter size, and overload heater size 
will be determined for different motors. When install- 
ing motors, a manufacturer’s chart is used to select the 
proper overload heater in accord with the requirements 
of the circuit. A typical chart for selecting overload heat- 
ers is shown in Figure 37-38. These charts can differ from 
one manufacturer to another. The chart shown in Fig- 
ure 37—38 differs from the chart shown in Figure 4~7 in 
several ways. The chart shown in Figure 4~7 lists heater 
sizes for starter sizes ranging from 00 to 1. The chart 
shown in Figure 37-38 lists starter sizes from 0 through 
4. The heater sizes listed in the chart shown in Figure 4-7 
list a range of full load currents for that heater. Heater 
XX26, for example, lists a range of full load currents 
from 2.84 amperes to 3.11 amperes. The heater sizes 
listed in the chart shown in Figure 37—38 lists a single 
current value instead of a range of currents. When us- 
ing a chart of this type, the heater selected should never 
have a rating less than the full load current of the mo- 
tor. Heater X55 lists a current of 12.8 amperes in the size 
1 starter column. Heater X56 lists a current of 14.1 am- 
peres in the same column. If a motor has a full load cur- 
rent of 13 amperes, heater size X56 would be selected 
because heater X55 has a current rating less than the full 
load current of the motor. 


Example 1 


A 40 HP, 240-volt DC motor has a nameplate current 
rating of 132 amperes. The conductors are to be cop- 
per with type TW insulation. The short-circuit protective 
device is to be an instantaneous trip circuit breaker. The 
termination temperature rating of the connected devices is 
not known. Determine the conductor size, overload heater 
size, and circuit breaker size for this installation. Refer to 
Figure 37-39, 

The conductor size must be determined from the cur- 
rent listed in Table 430.247. This value is to be increased by 
25 percent. Note: multiplying by 1.25 has the same effect 
as multiplying by 0.25 and then adding the product back 
to the original number (140 X 0.25 = 35) (35 + 140 = 
175 amperes) 





140 X 1.25 = 175 amperes Figure 37-38 Overload Heater Chart. 
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CONDUCTOR = 4/0 AWG 
NEC TABLE 430.247 
NEC SECTION 430.22 
NEC TABLE 310.15(B)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE 
= 350 AMPS 
NEC TABLE 430.247 


NEC TABLE 430.52 
NEC SECTION 240.6 


OVERLOAD = X84 heater 
NEC SECTION 430.32(A)(1) 








Figure 37-39 Example problem #1. 


Table 310.15(B)(16) is used to find the conductor size. 
Although section 110.14(C) states that for currents of 100 
amperes or greater that the ampacity rating of the conduc- 
tor is to be determined from the 75°C column, in this in- 
stance, the insulation type is located in the 60°C column. 
Therefore, the conductor size must be determined using 
the 60°C column instead of the 75°C column. A 4/0 AWG 
copper conductor with type TW insulation will be used. 

The overload heater size is determined from NEC* 
Section 430.32(A)(1). Because there is no service fac- 
tor or temperature rise listed on the motor nameplate, 
the heading ALL OTHER MOTORS will be used. The 
heater size will be selected on the basis of 115 percent 
of motor full load current. A size X84 heater is selected 
from the chart shown in Figure 37-38. 





EXAMPLE: A 40 HP three phase squirrel 
cage motor is connected to a 208-volt line. What 
are the minimum size NEMA and IEC starters that 
should be used to connect this motor to the line? 

NEMA: The 200-volt listing is used for motors 
rated at 208 volts. Locate the NEMA size starter 
that corresponds to 200 volts and 40 horse- 
power. Because the motor is three phase, 40 HP 
will be in the poly-phase column. A NEMA size 4 
starter is the minimum size for this motor. 

IEC: As with the NEMA chart, the IEC chart 
lists 200 volts instead of 208 volts. A size N 
starter lists 200 volts and 40 HP in the three 
phase column. 
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The circuit breaker size is determined from Table 
430.52. The current value listed in Table 430.247 is used 
instead of the nameplate current. Under DC motors 
(constant voltage), the instantaneous trip circuit breaker 
rating is given at 250 percent. 


140 X 2.50 = 350 amperes 


Because 350 amperes is one of the standard sizes of 
circuit breakers listed in NEC® Section 240.6, that size 
breaker will be employed as the short-circuit protective 
device. 


Example 2 


A 150 HP, three phase squirrel cage induction motor is 
connected to a 440-volt line. The motor nameplate lists 
the following information: 

Amps175  SF1.25 CodeD NEMAcodeB 
The conductors are to be copper with type THHN 
insulation. The short-circuit protective device is to be an 
inverse time circuit breaker. The termination tempera- 
ture rating is not known. Determine the conductor size, 
overload heater size, circuit breaker size, and minimum 
NEMA and IEC starter sizes. Refer to Figure 37-40. 

The conductor size is determined from the current 
listed in Table 430.250 and increased by 25 percent. 


180 X 1.25 = 225 amperes 


CONDUCTOR = 4/0 AWG 
NEC TABLE 430.250 
NEC SECTION 430.22 
NEC TABLE 310.15(B)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE 
= 450 AMPS 

NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X16 Heaters 
NEC SECTION 430.32(A)(1) 








Figure 37-40 Example circuit #2. 
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Table 310.15(B)(16) is used to determine the 
conductor size. Type THHN insulation is located in the 
90°C column. Because the motor nameplate lists NEMA 
code B, and the amperage is over 100 amperes, the con- 
ductor will be selected from the 75°C column. The con- 
ductor size will be 4/0 AWG. 

The overload heater size is determined from the 
nameplate current and NEC® Section 430.32(A)(1). 
The motor has a marked service factor of 1.25. 

The overload heater size will be selected on the basis 
of 125 percent of motor full load current. Because the 
full load current of the motor is so high, current trans- 
formers will be employed to reduce the overload current 
rating. It is assumed that current transformers with a 
ratio of 300:5 will be used. 


300 175 875 
aS ae 300X = 875 xX = 300 X = 2.9 


The overload heater size will be selected on the basis 
of a motor with a full load current of 2.9 amperes. The 
chart in Figure 37-38 indicates that heater size X15 has 
a rating of 2.9 amperes. However, because the heater size 
is selected on the basis of 125 percent of the motor full 
load current, the next higher heater size will be selected. 
The motor will be protected by heaters X16. 

The circuit breaker size is determined by Tables 
430.250 and 430.52. Table 430.52 indicates a factor of 250 
percent for squirrel cage motors with NEMA design B. 
The value listed in Table 430.250 will be increased by 
250 percent. 


180 X 2.50 = 450 amperes 


One of the standard circuit breaker sizes listed in NEC® 
Section 240.6 is 450 amperes. A 450 ampere inverse time 
circuit breaker will be used as the short-circuit protective 
device. 

The proper motor starter sizes are selected from the 
NEMA and IEC charts shown in Figures 37-36 and 37-37. 
The minimum size NEMA starter is 5 and the minimum 
size IEC starter is R. 


Miii/Multiple Motor Calculations 


The main feeder short-circuit protective devices and con- 
ductor sizes for multiple motor connections are set forth 
in NEC® Section 430.62(A) and 430.24. In this example, 
three motors are connected to a common feeder. The 
feeder is 480 volts, three phase, and the conductors are 
to be copper with type THHN insulation. Each motor is 
to be protected with dual-element time delay fuses and a 
separate overload device. The main feeder is also protected 


by dual-element time delay fuses. The termination tem- 
perature rating of the connected devices is not known. The 
motor nameplates state the following: 





Motor #1 
Phase 3 HP 20 
SF 1.25 NEMA code C 
Volts 480 Amperes 23 
Type Induction 

Motor #2 
Phase 3 HP 60 
Temp. 40°C Code J 
Volts 480 Amperes 72 
Type’ Induction 

Motor #3 
Phase 3 HP 100 
Code A Volts 480 
Amperes 96 PF 90 percent 


Type Synchronous 


Motor #1 Calculation 


The first step is to calculate the values for motor amper- 
age, conductor size, overload heater size, short-circuit 
protection size, and starter size for each motor. Both 
NEMA and IEC starter sizes will be determined. The 
values for motor #1 are shown in Figure 37-41. 

The ampere rating from Table 430.250 is used to 
determine the conductor and fuse size. The amperage 
rating must be increased by 25 percent for the conduc- 
tor size. 


27 X 1.25 = 33.75 amps 


The conductor size is chosen from Table 310.15(B) (16). 
Although type THHN insulation is located in the 90°C 
column, the conductor size will be chosen from the 75°C 
column. Although the current is less than 100 amperes, 
NEC® Section 110.14(C)(1)(d), permits the conductors 
to be chosen from the 75°C column if the motor has a 
NEMA design code. 


33.75 amps = #10 AWG 


The fuse size is determined by using the motor cur- 
rent listed in Table 430.250 and the demand factor from 
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CONDUCTOR = #10 AWG 
NEC TABLE 430.250 

NEC SECTION 430,22 
NEC TABLE 310.15(8)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE 
= 50 AMPS 

NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X63 Heaters 
NEC SECTION 430.32(A)(1) 








Figure 37-41 Motor #1 calculation. 


Table 430.52. The percent of full load current for a dual- 
element time delay fuse protecting a squirrel cage motor 
listed as Design C is 175 percent. The current listed in 
Table 430.250 will be increased by 175 percent. 


27 X 1.75 = 47.25 amperes 


The nearest standard fuse size listed in Section 240.6 is 
50 amperes, so 50 ampere fuses will be used. 

The starter sizes are determined from the NEMA 
and IEC charts shown in Figures 37—36 and 37-37. A 
20 HP motor connected to 480 volts would require a 
NEMA size 2 starter and an IEC size F starter. 

The overload size is computed from the nameplate 
current. The demand factors in Section 430.32(A)(1) 
are used for the overload calculation. The heater is to be 
sized at 125 percent of the motor full load current. In 
the column for size 2 starters in the overload heater chart 
shown in Figure 37-38, overload heater size X62 lists a 
full load current of 23.1 amperes. Because the overload 
must be chosen on the basis of 125 percent of motor full 
load current, heater sizes X63 will be used. 


Motor #2 Calculation 


Figure 37-42 shows an example for the calculation for 
motor #2. Table 430.250 lists a full load current of 77 am- 
peres for this motor. This value of current is increased by 
25 percent for the calculation of the conductor current. 
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CONDUCTOR = #1 AWG 
NEC TABLE 430.250 
NEC SECTION 430.22 
NEC TABLE 310.15(B)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE 
= 50 AMPS 

NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X74 Heaters 
NEC SECTION 430.32(A)(1) 








Figure 37-42 Motor #2 calculation. 


77 X 1.25 = 96.25 amperes 


Table 310.15(B)(16) indicates a #1 AWG conductor 
should be used for this motor connection. The conductor 
size is chosen from the 60°C column because the circuit 
current is less than 100 amperes in accord with Section 
110.14(C), and the motor nameplate does not indicate 
a NEMA design code. (The code J indicates the type of 
bars used in the construction of the rotor.) 

The fuse size is determined from Table 430.52. The 
table current is increased by 175 percent for squirrel cage 
motors other than design B. 


77 X 1.75 = 134.25 amperes 


The nearest standard fuse size listed in Section 240.6 is 
150 amperes, so 150 ampere fuses will be used to protect 
this circuit. 

The starter sizes are chosen from the NEMA and 
IEC starter charts. This motor would require a NEMA 
size 4 starter or a size L IEC starter. 

The overload size is determined from Section 
430.32(A)(1). The motor nameplate lists a temperature 
rise of 40°C for this motor. The overload heater size will 
selected on the basis of 125 percent of motor full load 
current. In the size 4 starter column of the overload 
heater chart shown in Figure 37—38, overload heater X73 
is rated for 74 amperes. Because the heater size must be 
rated at 125 percent of full load current the next size 
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heater X74 will be used. The motor will be protected by 
X74 heaters. 


Motor #3 Calculation 


Motor #3 is a synchronous motor intended to operate 
with a 90 percent power factor. Figure 37-43 shows an 
example of this calculation. The notes at the bottom 
of Table 430.250 indicate that the listed current is to be 
increased by 10 percent for synchronous motors with a 
listed power factor of 90 percent. 


101 X 1.10 = 111 amperes 


The conductor size is computed by using this current 
rating and increasing it by 25 percent. 


111 X 1.25 = 138.75 amperes 


Table 310.15(B)(16) indicates that a #1/0 AWG 
conductor will be used for this circuit. Because the circuit 
current is over 100 amperes, the conductor size is chosen 
from the 75°C column. 

The fuse size is determined from Tuble 430.52. The 
percent of full load current for a synchronous motor is 
175 percent. 


CONDUCTOR = #1/0 AWG 
NEC TABLE 430.250 

NEC SECTION 430.22 
NEC TABLE 310.15(B)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE 
= 200 AMPS 

NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X80 Heaters 
NEC SECTION 430.32(A)(1) 








Figure 37-43 Motor #3 calculation. 


111 X 1.75 = 194.25 amperes 


The nearest standard size fuse listed in Section 240.6 is 
200 amperes, so 200 ampere fuses will be used to protect 
this circuit. 

The NEMA and IEC starter sizes are chosen from the 
charts shown in Figures 37-36 and 37-37. The motor will 
require a NEMA size 4 starter and an IEC size N starter. 

This motor does not have a marked service fac- 
tor or a marked temperature rise. In accord with NEC 
430.32(A)(1) the overload heater size will be deter- 
mined under the heading ALL OTHER MOTORS. The 
overload heaters will be selected on the basis 115 percent 
of motor full load current. The overload heater is se- 
lected for a full load current of 111 amperes. In the size 
4 starter column of the heater chart shown in Figure 37— 
38, heater size X80 is rated for 113 amperes. The motor 
will be protected by X80 heaters. 


Main Feeder Calculation 


An example of the main feeder connections is shown in 
Figure 37-44. The conductor size is computed in accord 
with NEC® Section 430.24 by increasing the largest 
amperage rating of the motors connected to the feeder 
by 25 percent and then adding the ampere rating of the 
other motors to this amount. In this example, the 100 HP 
synchronous motor has the largest running current. This 
current will be increased by 25 percent and then the run- 
ning currents of the other motors as determined from 
Table 430.250 will be added. 


111 X 1.25 = 138.75 amperes 
138.75 + 77 + 27 = 242.75 amperes 


Table 310.15( B) (16) lists that 250 kemil copper conduc- 
tors are to be used as the main feeder conductors. The 
conductors were chosen from the 75°C column. 

The size of the short-circuit protective device is 
determined by Section 430.62(A). The code states that 
the rating or setting of the short-circuit protective device 
shall not be greater than the largest rating or setting of the 
largest branch circuit short-circuit and ground fault pro- 
tective device for any motor supplied by the feeder plus 
the sum of the full load running currents of the other 
motors connected to the feeder. The largest fuse size in 
this example is the 100 HP synchronous motor. The fuse 
calculation for this motor is 200 amperes. The running 
currents of the other two motors will be added to this 
value to determine the fuse size for the main feeder. 


200 + 77 + 27 = 304 amperes 
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CONDUCTOR = 250 KCMIL 430.24 


CONDUCTOR = #10 AWG 
NEC TABLE 430.250 

NEC SECTION 430.22 
NEC TABLE 310. 15(B)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE = 50 AMPS 
NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X63 Heaters 
NEC SECTION 430.32(A)(1) 





NAMEPLATE 
HP 20 AMPS 23 
VOLTS 480 PHASE3 
SF 1.25 NEMA CODE C 


HP 60 


VOLTS 480 
40 C 





CONDUCTOR = #1/0 AWG 
NEC TABLE 430.250 

NEC SECTION 430.22 
NEC TABLE 310.15(B)(16) 


SHORT-CIRCUIT PROTECTIVE DEVICE = 200 AMPS 
NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X80 Heaters 
NEC SECTION 430.32(A)(1) 





NAMEPLATE 
HP 100 SYN. AMPS 96 


VOLTS 480 PHASE3 
90% PF CODE A 





Figure 37-44 Main feeder calculation. 





NAMEPLATE 


AMPS 72 
PHASE 3 
CODE J 
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CONDUCTOR = #1 AWG 
NEC TABLE 430.250 
NEC SECTION 430,22 
NEC TABLE 310. 15(B)16) 


SHORT-CIRCUIT PROTECTIVE DEVICE = 50 AMPS 
NEC TABLE 430.250 

NEC TABLE 430.52 

NEC SECTION 240.6 


OVERLOAD = X74 Heaters 
NEC SECTION 430.32(A)(1) 
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The closest standard fuse size listed in Section 240.6 
without going over 304 amperes is 300 amperes, so 300 
ampere fuses will be used to protect this circuit. 


Mii/Review Questions 


1. A 20 HP DC motor is connected to a 500-volt DC 
line. What is the full load running current of this 
motor? 


2. What rating is used to find the full load running 
current of a torque motor? 


3. A% HP single phase squirrel cage motor is 
connected to 240-volt AC line. What is the full 
load current rating of this motor and what is the 
minimum size NEMA and IEC starters that should 
be used? 


4. A 30 HP two phase motor is connected to a 
230-volt AC line. What is the rated current of the 
phase conductors and the rated current of the 
neutral? 


5. A 125 HP synchronous motor is connected to 
a 230-volt, three phase AC line. The motor is 
intended to operate at 80 percent power fac- 
tor. What is the full load running current of this 
motor? What is the minimum size NEMA and 
IEC starters that should be used to connect this 
motor to the line? 


6. What is the full load running current of a three 
phase, 50 HP motor connected to a 560-volt 
line? What minimum size NEMA and IEC 
starters should be used to connect this motor 
to the line? 


7. A 125 HP three phase squirrel cage induction mo- 
tor is connected to 560 volts. The nameplate cur 
rent is 115 amperes. It has a marked temperature 
rise of 40°C and a code letter J. The conductors 
are to be type THHN copper, and they are run 
in conduit. The short-circuit protective device is 
dual-element time delay fuses. Find the conduc- 
tor size, overload heater size, fuse size, minimum 
NEMA and IEC starter sizes, and the upper and 
lower range of starting current for this motor. The 
motor starter employs the use of current trans- 
formers with a ratio of 200:5 to reduce the cur 
rent to the overload heaters. 


8. A 7.5 HP single phase squirrel cage induction motor 
is connected to 120 VAC. The motor has a code 


11. 


12. 


13. 


14. 


18. 


letter of H. The nameplate current is 76 amperes. 
The conductors are copper with type TW insulation. 
The short-circuit protection device is a non-time 
delay fuse. Find the conductor size, overload heater 
size, fuse size, minimum NEMA and IEC starter 
sizes, and upper and lower starting currents. 


. A75 HP three phase, synchronous motor is 


connected to a 230-volt line. The motor is to be 
operated at 80 percent power factor. The motor 
nameplate lists a full load current of 185 amperes, 
a temperature rise of 40°C, and a code letter A. 
The conductors are to be made of copper and 
have type THHN insulation. The short-circuit 
protective device is to be an inverse time circuit 
breaker. Determine the conductor size, overload 
heater size, circuit breaker size, Minimum size 
NEMA and IEC starters, and the upper and lower 
starting current. The starter contains current trans- 
formers with a ratio of 300:5 to reduce current to 
the overload heaters. 


. Three motors are connected to a single branch 


circuit. The motors are connected to a 480-volt, 
three phase line. Motor #1 is a 50 HP induction 
motor with a NEMA code B. Motor #2 is 40 HP 
with a code letter of H, and motor #3 is 50 HP 
with a NEMA code C. Determine the conductor 
size needed for the branch circuit supplying these 
three motors. The conductors are copper with 
type THWN-2 insulation. 


The short-circuit protective device supplying the 
motors in question #10 is an inverse time Circuit 
breaker. What size circuit breaker should be used? 


Five 5 HP three phase motors with NEMA code B 
are connected to a 240-volt line. The conductors are 
copper with type THWN insulation. What size con- 
ductor should be used to supply all of these motors? 


lf dual-element time delay fuses are to be used 
as the short circuit protective device, what size 
fuses should be used to protect the circuit in 
question #12? 


A75 HP three phase squirrel cage induction 
motor is connected to 480 volts. The motor has 
a NEMA code D. What is the starting current for 
this motor? 


A 20 HP three phase squirrel cage induction 
motor has a NEMA code E. The motor is 
connected to 208 volts. What is the starting 
current for this motor? 
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PROGRAMMABLE LOGIC 
CONTROLLERS 





CHAPTER 38 ae ae 

Programmable Logic Controllers Analog Sensing for Programmable Logic 
Controllers 

CHAPTER 39 


Programming a PLC 


© Terekhov Ggor/Shutterstack.com 





ht 201? Coneawe Leaning. Al Rights Reserved. May net he cepied. scanned. or duplicated. in whole erin part. Due te cloctremic rights. seme third paity ountent may be suppressed fun the oBaok aiddor oChapter(s7. 
Editorial review has deemed that any supp ntntdees net materially affect the eerall lcaming experience: Cengage Learning reserves the right te remeve additional content atany time if subsequent rights restrictispas require it, 








Chapter 38 























i - VV 
_' Vi { WH, 
Cc LLERS 


eB 
i) i 
a 


ONTRO 


_ oo oe 
4 | 
2 eo 
pe 
" 


A > 


Programmable logic controllers (PLCs) were first used by the automotive industry in 
the late 1960s. Each time a change was made in the design of an automobile, it was 
necessary to change the control system operating the machinery. This change con- 
sisted of physically rewiring the control system to make it perform the new opera- 
tion. Rewiring the system was, of course, very time consuming and expensive. What 
the industry needed was a control system that could be changed without the exten- 
sive rewiring required to change relay control systems. 


ii/Ditterences between PLCs and PCs 


One of the first questions generally asked is “Is a programmable logic controller a 
computer?” The answer to that question is yes. The PLC is a special type of computer 
designed to perform a special function. Although the programmable logic controller 
(PLC) and the personal computer (PC) are both computers, there are some significant 
differences. Both generally employ the same basic type of computer and memory chips 
to perform the tasks for which they are intended, but the PLC must operate in an in- 
dustrial environment. Any computer that is intended for industrial use must be able to 
withstand extremes of temperature; ignore voltage spikes and drops on the power line: 
survive in an atmosphere that often contains corrosive vapors, oil, and dirt; and with- 
stand shock and vibration. 

Programmable logic controllers are designed to be programmed with schematic 
or ladder diagrams instead of common computer languages. An electrician that is 
familiar with ladder logic diagrams can generally learn to program a PLC in a few 
hours as opposed to the time required to train a person how to write programs for a 
standard computer. 


Hii/Basic Components 


Programmable logic controllers can be divided into four primary parts: 
1. The power supply 
2. The central processing unit (CPU) 
3. The programming terminal or program loader 


4. The I/O (pronounced eye-oh) rack 





Objectives 


After studying this chapter 
the student will be able to: 


>> List the principle parts of a 
programmable logic controller. 


>> Describe differences be- 
tween programmable logic 
controllers and other types of 
computers. 


>> Discuss differences be- 
tween the I/O rack, CPU, and 
program loader. 


>> Draw a diagram of how the 
input and output modules work. 
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The Power Supply 


The function of the power supply is to lower the incom- 
ing AC voltage to the desired level, rectify it to direct cur- 
rent, and then filter and regulate it. The internal logic of 
a PLC generally operates on 5 to 24 volts DC depending 
on the type of controller. This voltage must be free of 
voltage spikes and other electrical noise and be regulated 
to within 5 percent of the required voltage value. Some 
manufacturers of PLCs build a separate power supply 
and others build the power supply into the central pro- 
cessing unit. 


The CPU 


The CPU, or central processing unit, is the “brains” of 
the programmable logic controller. It contains the micro- 
processor chip and related integrated circuits to perform 
all the logic functions. The microprocessor chip used in 
most PLCs is the same as that found in most home and 
business personal computers. 

The central processing unit often has a key located 
on the front panel (Figure 38-1). This switch must be 
turned on before the CPU can be programmed. Turning 
on the key prevents the circuit from being changed or 
deleted accidentally. Other manufacturers use a software 
switch to protect the circuit. A software switch is not a 
physical switch. It isa command that must be entered be- 
fore the program can be changed or deleted. Whether a 
physical switch or a software switch is used, they both 
perform the same function. They prevent a program 
from being accidentally changed or deleted. 

Plug connections on the central processing unit pro- 
vide connection for the programming terminal and I/O 
racks (Figure 38-2). CPUs are designed so that once a pro- 
gram has been developed and tested, it can be stored on 
some type of medium such as tape, disc, CD, or other stor- 
age device. In this way, if a central processor unit fails and 
has to be replaced, the program can be downloaded from 
the storage medium. This eliminates the time-consuming 
process of having to reprogram the unit by hand. 


The Programming Terminal 


The programming terminal, or loading terminal, is used 
to program the CPU. The type of terminal used depends 
on the manufacturer and often the preference of the con- 
sumer. Some are small handheld devices that use a liq- 
uid crystal display or light emitting diodes to show the 
program (Figure 38—3). Some of these small units display 
one line of the program at a time and others require the 
program to be entered in a language called Boolean. 
Another type of programming terminal contains 
a display and keyboard (Figure 38-4). This type of 


Figure 38-1 A central processing unit. 


Figure 38-2 Plug connections located on the CPU. 





Courtesy of Rockwell Automation, Inc. 
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Courtesy Siemens Industry, Inc 
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Figure 38-3 Handheld programming terminal and small program- 


mable logic controller. 





Figure 38—4 Programming terminal. 


terminal generally displays several lines of the program 
at a time and can be used to observe the operation of the 
circuit as it is operating. 

Many industries prefer to use a notebook or laptop 
computer for programming (Figure 38-5). An interface 
that permits the computer to be connected to the input 
of the PLC and software program is generally avail- 
able from the manufacturer of the programmable logic 
controller. 

The terminal is not only used to program the PLC, 
but is also used to troubleshoot the circuit. When the 
terminal is connected to the CPU, the circuit can be 
examined while it is in operation. Figure 38-6 illustrates 
a circuit typical of those seen on the display. Notice that 
this schematic diagram is different from the typical lad- 
der diagram. All of the line components are shown as 
normally open or normally closed contacts. There are no 
NEMA symbols for push button, float switch, or limit 
switches. The programmable logic controller recognizes 


ourtesy of Eaton Corporation 
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Figure 38-5 A notebook computer is often used as the program- 
ming terminal for a PLC. 
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Figure 38-6 Analyzing circuit operation with a terminal. 


only open or closed contacts. It does not know if a con- 
tact is connected to a push button, a limit switch, or a 
float switch. Each contact, however, does have a num- 
ber. The number is used to distinguish one contact from 
another. 

In this example, coil symbols look like a set of 
parenthesis instead of a circle as shown on most ladder 
diagrams. Each line ends with a coil, and each coil has a 
number. When a contact symbol has the same number as 
a coil, it means that the contact is controlled by that coil. 
The schematic in Figure 38—6 shows a coil numbered 257 
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Figure 38-7 Symbols are used to program the PLC. 


and two contacts numbered 257. When coil 257 is ener- 
gized, the programmable logic controller interprets both 
contacts 257 to be closed. 

A characteristic of interpreting a diagram when 
viewing it on the screen of most loading terminals is 
that when a current path exists through a contact or if 
a coil is energized, they will be highlighted on the dis- 
play. In the example shown in Figure 38—6, coil 257, 
both 257 contacts, contact 16, and contact 18 are drawn 
with blue lines, illustrating that they are highlighted or 
illuminated on the display. Highlighting a contact does 
not mean that it has changed from its original state. 
It means that there is a complete circuit through that 
contact. Contact 16 is highlighted, indicating that coil 
16 has energized and contact 16 is closed and provid- 
ing a complete circuit. Contact 18, however, is shown as 
normally closed. Because it is highlighted, coil 18 has 
not been energized because a current path still exists 
through contact 18. Coil 257 is shown highlighted, indi- 
cating that it is energized. Because coil 257 is energized, 
both 257 contacts are now closed providing a current 
path through them. 

When the loading terminal is used to load a program 
into the PLC, contact and coil symbols on the keyboard 
are used (Figure 38-7). Other keys permit specific types 
of relays, such as timers, counters, or retentive relays to 
be programmed into the logic of the circuit. Some keys 
permit parallel paths, generally referred to as down 
rungs, to be started and ended. The method employed to 
program a PLC is specific to the make and model of the 
controller. It is generally necessary to consult the manu- 
facturer’s literature if you are not familiar with the spe- 
cific programmable logic controller. 


The I/O Rack 


The I/O rack is used to connect the CPU to the outside 
world. It contains input modules that carry informa- 
tion from control sensor devices to the CPU and output 
modules that carry instructions from the CPU to output 
devices in the field. I/O racks are shown in Figures 38-8A 





Figure 38-8A 1/0 rack with input and output modules. 
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Figure 38-8B 1/0 rack with input and output modules. 


and B. Input and output modules contain more than 
one input or output. Any number from 4 to 32 is com- 
mon depending on the manufacturer and model of PLC. 
The modules shown in Figure 38—8A can each handle 
16 connections. This means that each input module can 
handle 16 different input devices, such as push button, 
limit switches, proximity switches, or float switches. The 
output modules can each handle 16 external devices 
such as pilot lights, solenoid coils, or relay coils. The 
operating voltage can be either alternating or direct current 
depending on the manufacturer and model of control- 
ler, and is generally either 120 or 24 volts. The I/O rack 
shown in Figure 38—-8A can handle 10 modules. Because 
each module can handle 16 input or output devices, the 
1/O rack is capable of handling 160 input and output 
devices. Many programmable logic controllers are capable 
of handling multiple I/O racks. 
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1/O Capacity 


One factor that determines the size and cost of a pro- 
grammable logic controller is its I/O capacity. Many 
small units may be intended to handle as few as 16 in- 
put and output devices. Large PLCs can generally handle 
several hundred. The number of input and output de- 
vices the controller must handle also affects the proces- 
sor speed and amount of memory the CPU must have. 
A central processing unit with I/O racks is shown in 
Figure 38-9. 


The Input Module 


The central processing unit of a programmable logic 
controller is extremely sensitive to voltage spikes and 
electrical noise. For this reason, the input I/O uses opto- 
isolation to electrically separate the incoming signal from 
the CPU. Figure 38-10 shows a typical circuit used for 
the input. A metal oxide varistor (MOV) is connected 
across the AC input to help eliminate any voltage spikes 
that may occur on the line. The MOV is a voltage sen- 
sitive resistor. As long as the voltage across its terminals 
remains below a certain level, it exhibits a very high re- 
sistance. If the voltage should become too high, the re- 
sistance almost instantly changes to a very low value. A 
bridge rectifier changes the AC voltage into DC. A re- 
sistor is used to limit current to a light emitting diode. 
When power is applied to the circuit, the LED turns on. 
The light is detected by a phototransistor that signals the 
CPU that there is a voltage present at the input terminal. 









Figure 38-10 Input circuit. 
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Figure 38-9 Central processor with I/O racks. 


When the module has more than one input, the 
bridge rectifiers are connected together on one side to 
form a common terminal. On the other side, the recti- 
fiers are labeled 1, 2, 3, and 4. Figure 38—11 shows four 
bridge rectifiers connected together to form a common 
terminal. Figure 38—12 shows a limit switch connected 
to input 1, a temperature switch connected to input 2, a 
float switch connected to input 3, and a normally open 
push button connected to input 4. Notice that the pilot 
devices complete a circuit to the bridge rectifiers. In any 
switch closes, 120 volts AC will be connected to a bridge 
rectifier, causing the corresponding light emitting diode 
to turn on and signal the CPU that the input has volt- 
age applied to it. When voltage is applied to an input, the 
CPU considers that input to be at a high level. 


TO CPU 
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Figure 38-11 Four-input module. 


The Output Module 


The output module is used to connect the central pro- 
cessing unit to the load. Output modules provide line 
isolation between the CPU and the external circuit. Iso- 
lation is generally provided in one of two ways. The most 
popular is with optical isolation very similar to the input 


modules. In this case, the CPU controls a light emitting 
diode. The LED is used to signal a solid-state device to 
connect the load to the line. If the load is operated by 
direct current, a power phototransistor is used to con- 
nect the load to the line (Figure 38-13). If the load is an 
alternating current device, a triac is used to connect the 
load to the line (Figure 38-14). Notice that the CPU is 
separated from the external circuit by a light beam. No 
voltage spikes or electrical noise can be transmitted to 
the CPU. 

The second method of controlling the output is with 
small relays (Figure 38-15). The CPU controls the relay 
coil. The contacts connect the load to the line. The ad- 
vantage of this type of output module is that it is not 
sensitive to whether the voltage is AC or DC and can 
control 120 or 24 volt circuits. The disadvantage is that it 
does contain moving parts that can wear. In this instance, 
the CPU is isolated from the external circuit by a magnetic 
field instead of a light beam. 

If the module contains more than one output, one 
terminal of each output device is connected together to 
form a common terminal similar to a module with mul- 
tiple inputs (Figure 38-16). Notice that one side of each 
triac has been connected together to form a common 
point. The other side of each triac is labeled 1, 2, 3, or 4. 
If power transistors are used as output devices, the col- 
lectors or emitters of each transistor would be connected 
to form a common terminal. Figure 38—14 shows a relay 
coil connected to the output of a triac. Notice that the 
triac is used as a switch to connect the load to the line. 
The power to operate the load must be provided by an 
external source. Output modules do not provide power to 
operate external loads. 

The amount of current an output can control is lim- 
ited. The current rating of most outputs can range from 
0.5 to about 3 amperes depending on the manufacturer 
and type of output being used. Outputs are intended 
to control loads that draw a small amount of current, 
such as solenoid coils, pilot lights, and relay coils. Some 
outputs can control motor starter coils directly and oth- 
ers require an interposing relay. Interposing relays are 
employed when the current draw of the load is above the 
current rating of the output. 


Internal Relays 


The actual logic of the control circuit is performed 
by internal relays. An internal relay is an imaginary 
device that exists only in the logic of the computer. 
It can have any number of contacts from one to sev- 
eral hundred, and the contacts can be programmed 
normally open or normally closed. Internal relays 
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Figure 38-12 Pilot devices connected to input modules. 


are programmed into the logic of the PLC by assign- 
ing them a certain number. Manufacturers provide a 
chart that lists which numbers can be used to program 
inputs and outputs, internal relay coils, timers, coun- 
ters, and so on. When a coil is entered at the end of a 
line of logic and is given a number that corresponds to 
an internal relay, it will act like a physical relay. Any 
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contacts given the same number as that relay will be 
controlled by that relay. 


Timers and Counters 


Timers and counters are internal relays also. There 
is no physical timer or counter in the PLC. They are 
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Figure 38-13 A power phototransistor connects a DC load to 
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Figure 38-14 A triac connects an AC load to the line. 
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Figure 38-15 A relay connects the load to the line. 
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Figure 38-16 Multiple output module. 


programmed into the logic in the same manner as any 
other internal relay, by assigning them a number that 
corresponds to a timer or counter. The difference is that 
the time delay or number of counts must be programmed 
when they are inserted into the program. The num- 
ber of counts for a counter are entered using numbers 
on the keys on the load terminal. Timers are generally 
programmed in 0.1 second intervals. Some manufactur- 
ers provide a decimal key and others do not. If a deci- 
mal key is not provided, the time delay is entered as 
0.1 second intervals. If a delay of 10 seconds is desired, 
for example, the number 100 would be entered because 
100 tenths of a second equals 10 seconds. 


Off-Delay Circuit 


Some programmable logic controllers permit a timer to 
be programmed as on- or off-delay, but others permit 
only on-delay timers to be programmed. When a PLC 
permits only on-delay timers to be programmed, a sim- 
ple circuit can be used to permit an on-delay timer to per- 
form the function of an off-delay timer (Figure 38-17). 
To understand the action of the circuit, recall the 
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Figure 38-17 Off-delay timer circuit. 


operation of an off-delay timer. When the timer coil is 
energized, the timed contacts change position immedi- 
ately. When the coil is de-energized, the contacts remain 
in their energized state for some period of time before 
returning to their normal state. In the circuit shown in 
Figure 38-17, it is assumed that contact 400 controls 
the action of the timer. Coil 400 is an internal relay coil 
located somewhere in the circuit. Coil 12 is an output 
and controls some external device. Coil TO-1 is an on- 
delay timer set for 100 tenths of a second. When coil 
400 is energized, both 400 contacts change position. 
The normally open 400 contact closes and provides a 
current path to coil 12. The normally closed 400 con- 
tact opens and prevents a circuit from being completed 
to coil TO-1 when coil 12 energizes. Note that coil 12 
turned on immediately when contact 400 closed. When 
coil 400 is de-energized, both 400 contacts return to 
their normal position. A current path is maintained to 
coil 12 by the now-closed 12 contact in parallel with the 
normally open 400 contact. When the normally closed 
400 contact returns to its normal position a current 
path is established to coil TO-1 through the now-closed 
12 contact. This starts the time sequence of timer TO-1. 
After a delay of 10 seconds, the normally closed TO-1 
contact opens and de-energizes coil 12, returning the 
two 12 contacts to their normal position. The circuit is 
now back in the state shown in Figure 38-17. Note the 
action of the circuit. When coil 400 was energized, out- 
put coil 12 turned on immediately. When coil 400 was 
de-energized, output 12 remained on for 10 seconds before 
turning off. 

The number of internal relays and timers contained 
in a programmable logic controller is determined by the 
memory capacity of the computer. As a general rule, 
PLCs that have a large I/O capacity will have a large 
amount of memory. The use of programmable logic 
controllers has steadily increased since their invention 
in the late 1960s. A PLC can replace hundreds of relays 
and occupy only a fraction of the space. The circuit 
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Figure 38-18 A DC drive unit controlled by a programmable logic 
controller. 


logic can be changed easily and quickly without requir- 
ing extensive hand rewiring. They have no moving parts 
or contacts to wear out, and their downtime is less than 
an equivalent relay circuit. When replacement is neces- 
sary they can be reprogrammed from a media storage 
device. 

The programming methods presented in this text- 
book are general because it is impossible to include 
examples of each specific manufacturer. The con- 
cepts presented in this chapter, however, are common 
to all programmable controllers. A programmable 
logic controller used to control a DC drive is shown in 
Figure 38-18. 


fii!/Review Questions 


1. What industry first started using programmable 
logic controllers? 


2. Name two differences between PLCs and 
common home or business computers. 


3. Name the four basic sections of a programmable 
logic controller. 


4. In what section of the PLC is the actual logic 
performed? 


5. What device is used to program a PLC? 
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6. What device separates the central processing unit 
from the outside world? 
7. What is opto-isolation ? 


8. If an output I/O controls a DC voltage, what solid- 
state device is used to connect the load to the line? 


9. If an output I/O controls an AC voltage, what solid- 
state device is used to connect the load to the line? 


10. What is an internal relay? 


11. What is the purpose of the key switch located on 
the front of the CPU in many programmable logic 
controllers? 


12. What is a software switch? 
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Chapier 39 








Objectives 
In this chapter, a relay schematic will be converted into a diagram used to program a After studying this chapter 
programmable logic controller. The process to be controlled is shown in Figure 39-1. the student will be able to: 
A tank is used to mix two liquids. The control circuit operates as follows: >> Convert a relay schematic 
1. When the START button is pressed, solenoids A and B energize. This permits to a schematic used for pro- 
the two liquids to begin filling the tank. gramming a PLC. 


>> Enter a program into a 


2. When the tank is filled, the float switch trips. This de-energizes solenoids A 
programmable logic controller. 


and B and starts the motor used to mix the liquids together. 


3. The motor is permitted to run for one minute. After one minute has elapsed, 
the motor turns off and solenoid C energizes to drain the tank. 


. When the tank is empty, the float switch de-energizes solenoid C. 


4 
5. ASTOP button can be used to stop the process at any point. 

6. If the motor becomes overloaded, the action of the entire circuit will stop. 
7 


. Once the circuit has been energized it will continue to operate until it is manually 
stopped. 





jp 
—— 


Figure 39-1 Tank used to mix two liquids. 


427 
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MiiCircuit Operation 


A relay schematic that will perform the logic of this cir- 
cuit is shown in Figure 39-2. The logic of this circuit is 
as follows: 


1. When the START button is pushed, relay coil CR is 
energized. This causes all CR contacts to close. Con- 
tact CR-1 is a holding contact used to maintain the 
circuit to coil CR when the START button is released. 


2. When contact CR-2 closes, a circuit is completed to 
solenoid coils A and B. This permits the two liquids 
that are to be mixed together to begin filling the tank. 


3. As the tank fills, the float rises until the float switch 
is tripped. This causes the normally closed float 
switch contact to open and the normally open con- 
tact to close. 


4. When the normally closed float switch opens, sole- 
noid coils A and B de-energize and stop the flow of 
the two liquids into the tank. 


5. When the normally open contact closes, a circuit is 


completed to the coil of a motor starter and the coil 
of an on-delay timer. The motor is used to mix the 
two liquids together. 


. At the end of the one-minute time period, all of 


the TR contacts change position. The normally 
closed TR-2 contact connected in series with the 
motor starter coil opens and stops the operation of 
the motor. The normally open TR-3 contact closes 
and energizes solenoid coil C, which permits liq- 
uid to begin draining from the tank. The normally 
closed TR-1 contact is used to assure that valves 
A and B cannot be re-energized until solenoid C 
de-energizes. 


. As liquid drains from the tank, the float drops. When 


the float drops far enough, the float switch trips and 
its contacts return to their normal positions. When 
the normally open float switch contact reopens and 
de-energizes coil TR, all TR contacts return to their 
normal positions. 





TR-3 


Figure 39-2 Relay schematic. 
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8. When the normally open TR-3 contact reopens, 
solenoid C de-energizes and closes the drain valve. 
Contact TR-2 recloses, but the motor cannot restart 
because of the normally open float switch contact. 
When contact TR-1 recloses, a circuit is completed 
to solenoids A and B. This permits the tank to begin 
refilling, and the process starts over again. 


9. If the STOP button or overload contact opens, coil 
CR de-energizes and all CR contacts open. This 
de-energizes the entire circuit. 


Miii/Developing a Program 


This circuit will now be developed into a program that can 
be loaded into the programmable controller. Figure 39-3 
shows a program being developed on a computer. Assume 
that the controller has an I/O capacity of 32, that I/O ter- 
minals | through 16 are used as inputs, and that terminals 
17 through 32 are used as outputs. 

Before a program can be developed for input into 
a programmable logic controller, it is necessary to as- 
sign which devices connect to the input and output 
terminals. This circuit contains four input devices 
and four output devices. It is also assumed that the 
motor starter for this circuit contains an overload 
relay that contains two contacts instead of one. One 
contact is normally closed and will be connected in 
series with the coil of the motor starter. The other 
contact is normally open and is used to supply an 
input to a programmable logic controller. If the mo- 
tor should become overloaded, the normally closed 
contacts will open and disconnect the motor from 
the line. The normally open contacts will close and 
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Figure 39-3 A program being developed on a programming 
terminal. 
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provide a signal to the programmable logic control- 
ler that the motor has tripped on overload. The input 
devices are as follows: 


1. Normally closed STOP push button 
2. Normally open START push button 
3. Normally open overload contact 


4. A float switch that contains both a normally open 
and normally closed contact 


The four output devices are: 
1. Solenoid valve A 
2. Solenoid valve B 
3. Motor starter coil M 
4. Solenoid valve C. 


The connection of devices to the inputs and outputs is 
shown in Figure 39-4. The normally closed STOP but- 
ton is connected to input |, the normally open START 
button is connected in input 2, the normally open over- 
load contact is connected to input 3, and the float switch 
is connected to input 4. 

The outputs for this PLC are 17 through 32. Out- 
put 17 is connected to solenoid A, output 18 is connected 
to solenoid B, output 19 is connected to the coil of the 
motor starter, and output 20 is connected to solenoid C. 
Note that the outputs do not supply the power to oper- 
ate the output devices. The outputs simply complete a 
circuit. One side of each output device is connected to 
the grounded or neutral side of a 120 VAC power line. 
The ungrounded or hot conductor is connected to the 
common terminal of the four outputs. A good way to 
understand this connection is to imagine a set of con- 
tacts controlled by each output as shown in Figure 39-5. 
When programming the PLC, if a coil is given the same 
number as one of the outputs, it causes that contact to 
close and connect the load to the line. 

Unfortunately, programmable logic controllers are 
not all programmed the same way. Almost every manu- 
facturer employs a different set of coil numbers to per- 
form different functions. It is necessary to consult the 
manual before programming a PLC with which you are 
unfamiliar. In order to program the PLC in this example, 
refer to the information in Figure 39-6. This chart indi- 
cates that numbers | through 16 are inputs. Any contact 
assigned a number between | and 16 will be examined 
each time the programmable logic controller scans the 
program. If an input has a low (0 volt) state, the con- 
tact assigned that number remains in the state it was 
programmed. If the input has a high (120 volt) state, 
the program interprets that contact as having changed 
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Figure 39-4 Component connection to |/0 rack. 


position. If it was programmed as open, the PLC now 
considers it closed. 

Outputs are 17 through 32. Outputs are treated as 
coils by the PLC. If a coil is given the same number as 
an output, that output turns on (closes the contact) when 
the coil is energized. Coils that control outputs can be 
assigned internal contacts as well. Internal contacts are 
contacts that exist in the logic of the program only. They 
do not physically exist. Because they do not physically 
exist, a coil can be assigned as many internal contacts 
as desired and they can be normally open or normally 
closed. 

The chart in Figure 39-6 also indicates that in- 
ternal relays number from 33 to 103. Internal relays 
are like internal contacts. They do not physically ex- 
ist. They exist as part of the program only. They are 
programmed into the circuit logic by inserting a coil 
symbol in the program and assigning it a number be- 
tween 33 and 103. 


Timers and counters are assigned coil numbers 200 
through 264, and retentive relays are numbered 104 
through 134. 


Miji/Converting the Program 


Developing a program for a programmable logic controller 
is a little different than designing a circuit with relay logic. 
Several rules must be followed with almost all program- 
mable logic controllers. 


1. Each line of logic must end with a coil. Some manu- 
facturers permit coils to be connected in parallel and 
some do not. 


2. As a general rule, coils cannot be connected in series. 


3. The program will scan in the order that it is entered. 
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Figure 39-5 Output modules complete a circuit to connect the 
load to the line. 


INPUTS 1-16 
OUTPUTS 17-32 
INTERNAL RELAYS 33-103 
TIMERS AND COUNTERS 200-264 
RETENTIVE RELAYS 104-134 


Figure 39-6 Numbers that correspond to specific PLC functions. 


4. Generally, coils cannot be assigned the same num- 
ber. (Some programmable logic controllers require 
reset coils to reset counters and timers. These reset 
coils can be assigned the same number as the counter 
or timer they reset.) 


The first two lines of logic for the circuit shown in 
Figure 39-2 can be seen in Figure 39—7. Notice that con- 
tact symbols are used to represent inputs instead of logic 
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— 33 ) 


Figure 39-7 Lines 1 and 2 of the program. 


symbols, such as push buttons or float switches. The pro- 
grammable logic controller recognizes all inputs as open or 
closed contacts. It doesn’t know what device is connected 
to which input. For this reason, you must first determine 
which device connects to which input before a program 
can be developed. Also, notice that input | is shown as a 
normally open contact. Referring to Figure 39-4, it can be 
seen that input | is connected to a normally closed push 
button. The input is programmed as normally open be- 
cause the normally closed push button will supply a high 
voltage to input | in normal operation. Because input | is 
in a high state, the PLC changes the state of the open con- 
tact and considers it closed. When the STOP push button 
is pressed, the input voltage changes to low and the PLC 
changes the contact back to its original open state and 
causes coil 33 to de-energize. 

Referring to the schematic in Figure 39-2, a control 
relay is used as part of the circuit logic. Because the con- 
trol relay does not directly cause any output device to 
turn on or off, an internal relay will be used. The chart in 
Figure 39-6 indicates that internal relays number between 
33 and 103. Coil 33 is an internal relay and does not physi- 
cally exist. Any number of contacts can be assigned to this 
relay, and they can be open or closed. The 33 contact 
connected in parallel with input 2 is the holding contact 
labeled CR-1 in Figure 39-2. 

The next two lines of logic are shown in Figure 39-8. 
The third line of logic in the schematic in Figure 39-2 con- 
tains a normally open CR-2 contact, a normally closed 
float switch contact, a normally closed on-delay timed 
contact, and solenoid coil A. The fourth line of logic con- 
tains solenoid coil B connected in parallel with solenoid 
coil A. Line three in Figure 39-8 uses a normally open 
contact assigned the #33 for contact CR-2. A normally 
closed contact symbol is assigned the number 4. Because 
the float switch is connected to input 4, it will control the 
action of this contact. As long as input 4 remains in a low 
state, the contact remains closed. If the float switch should 
close, input 4 becomes high and the 4 contact opens. 

The next contact is timed contact TR-1. The chart 
in Figure 39—6 indicates that timers and counters are 
assigned numbers 200 through 264. In this circuit, timer 
TR is assigned 200. Line three ends with coil 17. When 
coil 17 becomes energized, it turns on output 17 and con- 
nects solenoid coil A to the line. 
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Figure 39-8 Lines 3 and 4 of the circuit are added. 
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33 T200 
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4 T200 
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SSS ee Se co se 
Figure 39-9 Lines 5 and 6 are added to the program. 


The schematic in Figure 39-2 shows that solenoid coil 
B is connected in parallel with solenoid coil A. Program- 
mable logic controllers do not permit coils to be connected 
in parallel. Each line of logic must end with its own coil. 
Because solenoid coil B is connected in parallel with sole- 
noid A, they both operate at the same time. This logic can 
be accomplished by assigning an internal contact the same 
number as the coil controlling output 17. Notice in Figure 
39-8 that when coil 17 energizes it causes contact 17 to 
close and energize output 18 at the same time. 

In Figure 39-9, lines 5 and 6 of the schematic are 
added to the program. A normally open contact assigned 
number 33 is used as for contact CR-3. A normally open 
contact assigned the number 4 is controlled by the float 
switch, and a second normally closed timed contact con- 
trolled by timer 200 is programmed in line 5. The output 
coil is assigned the number 19. When this coil energizes 
it turns on output 19 and connects motor starter coil M 
to the line. 

Line 6 contains timer coil TR. Notice in Figure 39-2 
that coil TR is connected in parallel with contact TR-2 


car nema: 


=F T200 
a eh 


17 
—{ _-_—____________¢ 18 ) 
33 4 T200 
I 
33 4 
J  T200 ) 60 SEC. 
33 T200 
—-—_4 {20 ) 
Figure 39-10 Line 7 of the program. 


and coil M. As was the case with solenoid coils A and 
B, coil TR cannot be connected in parallel with coil M. 
According to the schematic in Figure 39-2, coil TR is ac- 
tually controlled by contacts CR-3 and the normally open 
float switch. This logic can be accomplished as shown in 
Figure 39-9 by connecting coil T200 in series with contacts 
assigned the numbers 33 and 4. Float switches do not nor- 
mally contain this many contacts, but because the physical 
float switch is supplying a high or low voltage to input 4, 
any number of contacts assigned the number 4 can be used. 

The last line of the program is shown in Figure 
39-10. A normally open contact assigned the number 33 
is used for contact CR-4 and a normally open contact 
controlled by timer T200 is used for the normally open 
timed contact labeled TR-3. Coil 20 controls the opera- 
tion of solenoid coil C. 

The circuit shown in Figure 39-2 has not been 
converted to a program that can be loaded into a program- 
mable logic controller. The process is relatively simple if the 
rules concerning PLCs are followed. 


Miii/Entering a Program 


The manner in which a program is entered into the 
memory of the PLC is specific to the manufacturer 
and type of programming terminal used. Some pro- 
gramming terminals employ keys that contain contact, 
coil, and rung symbols to basically draw the program 
as it is entered. Small programming terminals may re- 
quire that the program be entered in a language called 
Boolean. Boolean uses statements such as AND, OR, 
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NOT, OUT, etc. to enter programs. Contacts connected 
in series, for example, would be joined by AND state- 
ments and contacts that are connected in parallel with 
each other would be programmed with OR statements. 
In order to program a contact normally closed instead 
of normally open, the NOT statement is used. Different 
PLCs also require the use of different numbers to iden- 
tify particular types of coils. One manufacturer may use 
any number between 600 and 699 to identify coils used 
as timer and counters. Another manufacturer may use 
any number between 900 and 999 to identify coils that 
can be used as timers and counters. When programming 
a PLC, it is always necessary to first become familiar 
with the programming requirements of the model and 
manufacturer of programmable logic controller being 
programmed. 


Miii/Programming Considerations 


When developing a program for a programmable logic 
controller, certain characteristics of a PLC should be 
considered. One of these characteristics is the manner in 
which a programmable logic controller performs its func- 
tions. Programmable logic controllers operate by scan- 
ning the program that has been entered into memory. 
This process is very similar to reading a book. It scans 
from top to bottom and from left to right. The computer 
scans the program one line at a time until it reaches the 
end of the program. It then resets any output conditions 
that have changed since the previous scan. The next step 
is to check all inputs to determine whether they are high 
(power applied to that input point) or low (no power 
applied to that input point). This information is available 
for the next scan. The next step is to update the display 
of the programming terminal if one is connected. The 
last step is to reset the “watchdog” timer. Most PLCs 
contain a timer that runs continually when the PLC is 
in the RUN mode. The function of this timer is to pre- 
vent the computer from becoming hung in some type of 
loop. If the timer is not reset at the end of each scan, 
the watchdog timer will reach zero and all outputs will 
be turned off. Although this process sounds long, it actu- 
ally takes place in a few milliseconds. Depending on the 
program length, it may be scanned several hundred times 
each second. The watchdog timer duration is generally 
set for about twice the amount of time necessary to com- 
plete one scan. 

Scanning can eliminate some of the problems with 
contact races that occur with relay logic. The circuit 
shown in Figure 39—11 contains two control relay coils. 


Chapter 39 Programming a PLC @ 433 


A normally closed contact, controlled by the opposite re- 
lay, is connected in series with each coil. When the switch 
is closed, which relay will turn on and which will be 
locked out of the circuit? This called a contact race. The 
relay that is turned on depends on which one managed 
to open its normally closed contact first and break the 
circuit to the other coil. There is no way to really know 
which relay will turn on and which will remain off. There 
is not even a guarantee that the same relay will turn on 
each time the switch is closed. 

Programmable logic controllers eliminate the prob- 
lem of contact races. Because the PLC scans the program 
in a similar manner to reading a book, if it is imperative 
that a certain relay turn on before another one, simply 
program the one that must turn on first ahead of the 
other one. A similar circuit is shown in Figure 39-12. 
When contact | closes, coil 100 will always be the internal 
relay that turns on because it is scanned before coil 101. 

120 VAC 


CR2 


Figure 39-11 A contact race can exist in relay control circuits. 


1 101 
[4 

1 100 
et Ta) 


Figure 39-12 Scanning eliminates contact races in 
PLC logic. 
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Mii/Review Questions 


1. 


Why are NEMA symbols such as push buttons, 
float switches, or limit switches not used in pro- 
grammable logic controller schematics? 


. How are such components as coils and contacts 


identified and distinguished from others in a PLC 
schematic? 


. Why are normally closed components such as 


STOP push buttons programmed normally open 
instead of normally closed when entering a pro- 
gram into the memory of a PLC? 


. What is an internal relay? 


5. Why is the output of a PLC used to energize the 


coil of a motor starter instead of energizing the 
motor directly? 


6. List four basic rules for developing a program for 
a PLC. 


7. A programmable logic controller requires that 
times be programmed in 0.1-second intervals. 
What number should be entered to produce a 
time delay of 3 minutes? 


8. When programming in Boolean, what statement 
should be used to connect components in series? 


9. When programming in Boolean, what state- 
ment should be used to connect components in 
parallel? 


10. In a control circuit, it is imperative that a coil 
energize before another one. How can this be 
done when entering a program into the memory 
of the PLC? 


11. What is the function of a watchdog timer? 
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pi yO DA y MAR 
CONTROLLERS 


Many of the programmable logic controllers found in industry are designed to 
accept analog as well as digital inputs. Analog means continuously varying. These 
inputs are designed to sense voltage, current, speed, pressure, temperature, or hu- 
midity. When an analog input is used, a special module mounts on the I/O rack of 
the PC. An analog sensor may be designed to operate between a range of settings, 
such as 50 to 300°C, or 0 to 100 psi. These sensors are used to indicate between a 
range of values instead of merely operating in an ON or OFF mode. An analog 
pressure sensor designed to indicate pressures between 0 and 100 psi would have 
to indicate when the pressure was 30 psi, 50 psi, or 80 psi. It would not just indi- 
cate whether the pressure had or had not reached 100 psi. A pressure sensor of 
this type can be constructed in several ways. One of the most common methods 
is to let the pressure sensor operate a current generator, which produces currents 
between 4 and 20 milliamperes. It is desirable for the sensor to produce a certain 
amount of current instead of a certain amount of voltage because it eliminates 
the problem of voltage drop on lines. For example, assume a pressure sensor is 
designed to sense pressures between 0 and 100 psi. Also assume that the sensor 
produces a voltage output of 1 volt when the pressure is 0 psi and a voltage of 
5 volts when the pressure is 100 psi. Because this is an analog sensor, when the 
pressure is 50 psi, the sensor should produce a voltage of 3 volts. This sensor is 
connected to the analog input of a programmable controller Figure 40—1. The 
analog input has a sense resistance of 250. If the wires between the sensor and 
the input of the programmable controller are short enough (so that there is almost 
no wire resistance), the circuit will operate without a problem. Because the sense 
resistor in the input of the programmable controller is the only resistance in the 
circuit, all of the output voltage of the pressure sensor will appear across it. If the 
pressure sensor produces a 3-volt output, 3 volts will appear across the sense resistor. 

If the pressure sensor is located some distance away from the program- 
mable controller, however, the resistance of the two wires running between the 
pressure sensor and the sense resistor can cause inaccurate readings. Assume 
that the pressure sensor is located far enough from the programmable control- 
ler so that the two conductors have a total resistance of 500 (Figure 40-2). This 
means that the total resistance of the circuit is now 3000 (250 + 50 = 300). 
If the pressure sensor produces an output voltage of 3 volts when the pres- 
sure reaches 50 psi, the current flow in the circuit will be 0.010 amp (3/300 = 
0.010). Because there is a current flow of 0.010 through the 2500 sense resis- 
tor, a voltage of 2.5 volts will appear across it. This is substantially less than the 
3 volts being produced by the pressure sensor. 

If the pressure sensor is designed to operate a current generator with an output 
of 4 to 20 mA, the resistance of the wires will not cause an inaccurate reading at 
the sense resistor. Because the sense resistor and the resistance of the wire between 


Objectives 





After studying this chapter 
the student will be able to: 


>> Describe the differences be- 
tween analog and digital inputs. 


>> Discuss precautions that 
should be taken when using 


analog inputs. 


>> Describe the operation of a 


differential amplifier. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole or in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidéor cChapterfs). 


Editorial review has decmed that any supp 





od wntotdecs net materially affect the secrall leaming experience, Cengage Learning reserves the right te remeee additional opntent at any time if subsoquent rights 





trictisw § POquite it. 


435 


436 @ Section 8 Programmable Logic Controllers 


VO INPUT 
PROGRAMMABLE 


Eeecauoe CONTROLLER 


SENSOR 









1-5 VOLTS 
0-100 PSI 


Figure 40-1 The pressure sensor produces 1 to 5 volts. 


the pressure sensor and the programmable controller 
form a series circuit, the current must be the same at 
the point in the circuit. If the pressure sensor produces 
an output current of 4 mA when the pressure is 0 psi 
and a current of 20 mA when the pressure is 100 psi, at 
50 psi it will produce a current of 12 mA. When 
a current of 12 mA flows through the 2500 sense 
resistor, a voltage of 3 volts will be dropped across it 
(Figure 40—3). Because the pressure sensor produces a 
certain amount of current instead of a certain amount 
of voltage with a change in pressure, the amount 
of wire resistance between the pressure sensor and 
programmable controller is of no concern. 


Miii/insta\lation 


Most analog sensors can produce only very weak 
signals—0O to 10 volts or 4 to 20 milliamps are common. 
In an industrial environment where intense magnetic 
fields and large voltage spikes abound, it is easy to lose 
the input signal in the electrical noise. For this reason, 
special precautions should be taken when installing the 
signal wiring between the sensor and the input module. 
These precautions are particularly important when using 
analog inputs, but they should also be followed when using 
digital inputs. 


VO INPUT 
oe ae 
SENSOR 250 OHMS 






1-5 VOLTS 
0-100 PSI 


Figure 40-2 Resistance in the lines can cause problems. 


V/O INPUT 
PRESSURE Eee 
SENSOR 25 OHMS 


4-20 mA 
0-100 PSI 


Figure 40-3 The current must be the same in a series circuit. 


Keep Wire Runs Short 


Try to keep wire runs as short as possible. A long wire 
run has more surface area of wire to pick up stray electri- 
cal noise. 
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Plan the Route of the Signal Cable 


Before starting, plan how the signal cable should be 
installed. Never run signal wire in the same conduit with 
power wiring. Try to run signal wiring as far away from 
power wiring as possible. When it is necessary to cross 
power wiring, install the signal cable so that it crosses at 
a right angle as shown in Figure 40-4. 


Use Shielded Cable 


Shielded cable is used for the installation of signal wiring. 
One of the most common types, shown in Figure 40-5, 
uses twisted wires with a Mylar foil shield. The ground 
wire must be grounded if the shielding is to operate prop- 
erly. This type of shielded cable can provide a noise 
reduction ratio of about 30,000: 1. 

Another type of signal cable uses a twisted pair of 
signal wires surrounded by a braided shield. This type of 
cable provides a noise reduction of about 300: 1. 

Common coaxial cable should be avoided. This cable 
consists of a single conductor surrounded by a braided 
shield. This type of cable offers very poor noise reduction. 


Grounding 


Ground is generally thought of as being electrically neu- 
tral, or zero at all points. However, this may not be the 
case in practical application. It is common to find that 
different pieces of equipment have ground levels that are 
several volts apart (Figure 40-6). 

To overcome this problem, large cable is sometimes 
used to tie the two pieces of equipment together. This 
forces them to exist at the same potential. This method is 
sometimes referred to as the brute-force method. 

Where the brute-force method is not practical, the 
shield of the signal cable is grounded at only one end. 
The preferred method is generally to ground the shield 
at the sensor. 





Figure 40-6 All grounds are not equal. 


POWER LINE 





SIGNAL CABLE 


Figure 40—4 Signal cable crosses power line at right angle. 
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Figure 40-5 Shielded cable. 
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iiThe Differential Amplifier 


An electronic device that is often used to help overcome 
the problem of induced noise is the differential amplifier 
(Figure 40-7). This device detects the voltage difference 
between the pair of signal wires and amplifies this differ- 
ence. Because the induced noise level should be the same 
in both conductors, the amplifier ignores the noise. For 
example, assume an analog sensor produces a 50-millivolt 
signal. This signal is applied to the input module, but 


INPUT FROM SENSOR 





Figure 40-7 Differential amplifier detects difference in signal 


level. 


induced noise is at a level of 5 volts. In this case the noise 
level is 100 times greater than the signal level. The induced 
noise level, however, is the same for both of the input 
conductors. Therefore, the differential amplifier ignores 
the 5-volt noise and amplifies only the voltage difference, 
which is 50 millivolts. 


hiiiReview Questions 


1. Explain the difference between digital inputs and 
analog inputs. 


2. Why should signal wire runs be kept as short as 
possible? 


3. When signal wiring must cross power wiring, 
how should the wires be crossed? 


4. Why is shielded wire used for signal runs? 
5. What is the brute-force method of grounding? 


6. Explain the operation of the differential amplifier. 
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DEVELOPING CONTROL CIRCUITS 
AND TROUBLESHOOTING 





Nay CHAPTER 42 
Developing Control Circuits Troubleshooting 
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Objectives 
There are times when it becomes necessary to develop a motor control circuit to ful- After studying this chapter 
fill a particular need. The idea of designing a motor control circuit may seem almost the student will be able to: 


impossible, but with practice and by following a logical procedure it is generally not as 
difficult as it would first appear. The best method of designing a motor control circuit 
is to solve one requirement at a time. When one part is operating, move to the next 
requirement. A man was once asked, “How do you eat an elephant?” His reply was, 
“One bite at a time.” The same is true for designing a circuit. Don’t try to fulfill all the >> Draw a control circuit using 
requirements at once. a list of requirements. 

The following circuits illustrate a step-by-step procedure for designing a control 
circuit. Each illustration begins with a statement of the problem and the require- 
ments for the circuit. 


>> Discuss steps for developing 
a motor control circuit from a 
list of requirements. 


fiiDeveloping Control Circuits 
Circuit #1: Two Pump Motors 


The water for a housing development is supplied by a central tank. The tank is pres- 
surized by the water as it is filled. Two separate wells supply water to the tank, and 
each well has a separate pump. It is desirable that water be taken from each well 
equally, but it is undesirable that both pumps operate at the same time. A circuit is to 
be constructed that will let the pumps work alternately. Also, a separate switch must 
be installed that overrides the automatic control and lets either pump operate inde- 
pendently of the other in the event one pump fails. The requirements of the circuit 
are as follows: 


1. The pump motors are operated by a 480-volt three phase system, but the control 
circuit must operate on a 120-volt supply. 


2. Each pump motor contains a separate overload protector. If one pump over- 
loads, it will not prevent operation of the second pump. 


3. A manual ON-OFF switch can be used to control power to the circuit. 


4. A pressure switch mounted on the tank controls the operation of the pump mo- 
tors. When the pressure of the tank drops to a certain level, one of the pumps 
will be started. When the tank has been filled with water, the pressure switch 
will turn off the pump. When the pressure of the tank drops low enough again, 
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the other pump will start and run until the pressure 
switch is satisfied. Each time the pressure drops to a 
low enough level, the alternate pump motor will be 
used. 


5. An override switch can be used to select the opera- 
tion of a particular pump, or to permit the circuit to 
operate automatically. 


When developing a control circuit, the logic of the 
circuit is developed one stage at a time until the circuit 
operates as desired. The first stage of the circuit is shown 
in Figure 41-1. In this stage, a control transformer has 
been used to step down the 480-volt supply line voltage to 
120 volts for use by the control circuit. A fuse is used as 
short-circuit protection for the control wiring. A manu- 
ally operated ON-OFF switch permits the control circuit 
to be disconnected from the power source. The pressure 
switch must close when the pressure drops. For this rea- 
son, It will be connected as normally closed. This is a nor- 
mally closed held-open switch. A set of normally closed 
overload contacts are connected in series with coil 1M, 
which will operate the motor starter of pump motor #1. 

To understand the operation of this part of the 
circuit, assume that the manual power switch has been 
set to the ON position. When the tank pressure drops 
sufficiently, pressure switch PS closes and energizes coil 
1M, starting pump #1. As water fills the tank, the pres- 
sure increases. When the pressure has increased suffi- 
ciently, the pressure switch opens and disconnects coil 
1M, stopping the operation of pump #1. 

If pump #1 is to operate alternately with pump #2, 
some method must be devised to remember which pump 


operated last. This function will be performed by control 
relay CR. Because relay CR is to be used as a memory 
device, it must be permitted to remain energized when 
either or both of the motor starters are not energized. 
For this reason, this section of the circuit is connected to 
the input side of pressure switch PS. This addition to the 
circuit is shown in Figure 41-2. 

The next stage of circuit development can be seen 
in Figure 41—3. In this stage of the circuit, motor 
starter 2M has been added. When pressure switch PS 
closes and energizes motor starter coil 1M, all 1M con- 
tacts change position. Contacts 1M, and IM, close at 
the same time. When IM, contact closes, coil CR is 
energized, changing the position of all CR contacts. 
Contact CR, opens, but the current path to coil 1M is 
maintained by contact 1M,. Contact CR, is used as a 
holding contact around contact 1M,. Notice that each 
motor starter coil is protected by a separate overload 
contact. This fulfills the requirement that an overload 
on either motor will not prevent the operations of the 
other motor. Also notice that this section of the cir- 
cuit has been connected to the output side of pressure 
switch PS. This permits the pressure switch to control 
the operation of both pumps. 

To understand the operation of the circuit, assume 
pressure switch PS closes. This provides a current path to 
motor starter coil 1M. When coil 1M energizes, all 1M 
contacts change position and pump #1 starts. Contact 
IM, closes and energizes coil CR. Contact 1M, closes to 
maintain a current path to coil 1M. Contact 1M, opens 
to provide interlock with coil 2M, which prevents it from 
energizing whenever coil 1M is energized. 
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Figure 41—1 The pressure switch starts pump #1. 
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Figure 41-2 The control relay is used as a memory device. 
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Figure 41-3 The addition of the second motor starter. 
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When coil CR energizes, all CR contacts change 
position. Contact CR, opens to break the circuit to 
coil 1M. Contact CR, closes to maintain a current path 
around contact 1M,, and contact CR, closes to provide 
a current path to motor starter coil 2M. Coil 2M can- 
not be energized, however, because of the now open 1M, 
contact. 

When the pressure switch opens, coil 1M will 
de-energize, permitting all 1M contacts to return to their 
normal positions, and the circuit will be left as shown in 
Figure 41-4. Note that this diagram is intended to show 
the condition of the circuit when the pressure switch is 
opened; it is not intended to show the contacts in their 
normal de-energized position. At this point in time, a 
current path is maintained to control relay CR. 

When pressure switch PS closes again, contact CR, 
prevents a current path from being established to coil 1M, 
but contact CR, permits a current path to be established 
to coil 2M. When coil 2M energizes, pump #2 starts and 
all 2M contacts change position. 

Contact 2M, opens and causes coil CR to de- 
energize. Contact 2M, closes to maintain a circuit 


to coil 2M when contact CR, returns to its normally 
open position, and contact 2M, opens to prevent coil 
1M from being energized when contact CR, returns to 
its normally closed position. The circuit continues to 
operate in this manner until pressure switch PS opens 
and disconnects coil 2M from the line. When this hap- 
pens, all 2M contacts return to their normal positions 
as shown in Figure 41-3. 

The only requirement not fulfilled is a switch that per- 
mits either pump to operate independently if one pump 
fails. This addition to the circuit is shown in Figure 41-5. 
A three-position selector switch is connected to the output 
of the pressure switch. The selector switch permits the cir- 
cuit to alternate operation of the two pumps, or permits 
the operation of one pump only. 

Although the logic of the circuit is now correct, there 
is a potential problem. After pump #1 has completed a 
cycle and the circuit is set as shown in Figure 41-4, there 
is a possibility that contact CR, will reopen before con- 
tact 2M, closes to seal the circuit. If this happens, coil 
2M de-energizes and coil 1M is energized. This is often 
referred to as a contact race. To prevent this problem, an 
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Figure 41-4 Coil CR remembers which pump operated last. 
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Figure 41-5 The basic logic of the circuit is complete. 


off-delay timer will be added as shown in Figure 41-6. In 
this circuit, coil CR has been replaced by coil TR of the 
timer. When coil TR energizes, contact TR closes imme- 
diately, energizing coil CR. When coil TR de-energizes, 
contact TR remains closed for one second before reopen- 
ing and permitting coil CR to de-energize. This short 
delay time ensures proper operation of the circuit. 


Circuit #2: Speed Control of aWound 
Rotor Induction Motor 


The second circuit to be developed will control the speed 
of a wound rotor induction motor. The motor will have 
three steps of speed. Separate push buttons are used to 
select the speed of operation. The motor will accelerate 
automatically to the speed selected. For example, if sec- 
ond speed is selected, the motor must start in the first or 
lowest speed and then accelerate to second speed. If third 
speed is selected, the motor must start in first speed, 


accelerate to second speed, and then accelerate to third 
speed. The requirements of the circuit are as follows: 


1. The motor is to operate on a 480-volt three phase 
power system, but the control system is to operate 
on 120 volts. 


tN 


. One STOP button can stop the motor regardless of 
which speed has been selected. 


Ww 


. The motor will have overload protection. 


4. Three separate push buttons will select first, second, 
or third speed. 


5. There will be a three-second time delay between 
accelerating from one speed to another. 


6. If the motor is in operation and a higher speed is 
desired, it can be obtained by pushing the proper 
button. If the motor is operating and a lower speed 
is desired, the STOP button must be pressed first. 
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Figure 41-6 A timer is added to ensure proper operation. 


Recall that speed control for a wound rotor motor is 
obtained by placing resistance in the secondary or rotor 
circuit as shown in Figure 41-7. In this circuit, load con- 
tacts 1M are used to connect the stator or primary of 
the motor to the power line. Two banks of three phase 
resistors have been connected to the rotor. When power 
is applied to the stator, all resistance is connected in the 
rotor circuit and the motor will operate in its lowest or 
first speed. Second speed is obtained by closing contacts 
1S and shorting out the first three phase resistor bank. 
Third speed is obtained by closing contacts 2S. This 
shorts the rotor winding and the motor operates as a 
squirrel cage motor. A control transformer is connected 
to two of the three phase lines to provide power for the 
control system. 

The first speed can be obtained by connecting 
the circuit shown in Figure 41-8. When the FIRST 
SPEED button is pressed, motor starter coil 1M will 





OL 


OL 


close and connect the stator of the motor to the power 
line. Because all the resistance is in the rotor circuit, the 
motor operates in its lowest speed. Auxiliary contact 
1M, is used as a holding contact. A normally closed 
overload contact is connected in series with coil 1M 
to provide overload protection. Notice that only one 
overload contact is shown, indicating the use of a three 
phase overload relay. 

The second stage of the circuit can be seen in 
Figure 41-9. When the SECOND SPEED button is 
pressed, the coil of on-delay timer 1TR is energized. 
Because the motor must be started in the first speed 
position, instantaneous timer contact 1TR, closes to en- 
ergize coil 1M and connect the stator of the motor to the 
line. Contact 1TR, is used as a holding contact to keep 
coil 1TR energized when the SECOND SPEED button 
is released. Contact 1TR, is a timed contact. At the end 
of 3 seconds, it will close and energize contactor coil 1S, 
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Figure 41-7 Speed is controlled by connecting resistance in the rotor circuit. 
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Figure 41-8 First speed. 


causing all 1S contacts to close and shunt the first set of 
resistors. The motor now operates in second speed. 

The final stage of the circuit is shown in Figure 41-10. 
The THIRD SPEED button is used to energize the coil of 
control relay 1CR. When coil 1CR is energized, all 1CR 
contacts change position. Contact ICR, closes to provide 
a current path to motor starter coil 1M, causing the motor 
to start in its lowest speed. Contact ICR, closes to pro- 
vide a current path to timer 1TR. This permits timer 1TR 


to begin its timer operation. Contact 1CR, maintains a 
current path to coil 1CR after the third speed button is 
opened, and contact 1CR, permits a current path to be 
established to timer 2TR. This contact is also used to pre- 
vent a current path to coil 2TR when the motor is to be 
operated in the second speed. 

After timer 1TR has been energized for a period of 
3 seconds, contact 1TR, closes and energizes coil IS. 
This permits the motor to accelerate to the second speed. 
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Figure 41-9 Second speed. 


Coil 1S also closes auxiliary contact 1S, and completes a 
circuit to timer 2TR. 

After a delay of 3 seconds, contact 2TR closes and 
energizes coil 2S. This causes contacts 2S to close and the 
motor operates in its highest speed. 


Circuit #3: An Oil Heating Unit 


In the circuit shown in Figure 41-11, motor starter 1M 
controls a motor that operates a high-pressure pump. 
The pump is used to inject fuel oil into a combustion 
chamber where it is burned. Motor starter 2M operates 
an air induction blower that forces air into the com- 
bustion chamber when the oil is being burned. Motor 
starter 3M controls a squirrel cage blower that circulates 
air across a heat exchanger to heat a building. A con- 
trol transformer is used to change the incoming voltage 
from 240 volts to 120 volts, and a separate OFF-ON 
switch can be used to disconnect power from the circuit. 


(») H 


3 SECONDS 


Thermostat TS] senses temperature inside the building 
and thermostat TS2 is used to sense the temperature of 
the heat exchanger. 

To understand the operation of the circuit, assume 
the manual OFF-ON switch is set in the ON position. 
When the temperature inside the building drops to a low 
enough level, thermostat TS1 closes and provides power 
to starters 1M and 2M. This permits the pump motor 
and air induction blower to start. When the temperature 
of the heat exchanger rises to a high enough level, ther- 
mostat TS2 closes and energizes starter 3M. The blower 
circulates the air inside the building across the heat 
exchanger and raises the temperature inside the building. 
When the building temperature rises to a high enough 
level, thermostat TS] opens and disconnects the pump 
motor and air induction motor. The blower continues to 
operate until the heat exchanger has been cooled to a low 
enough temperature to permit thermostat TS2 to open 
its contact. 
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Figure 41-10 Third speed. 


After a period of operation, it is discovered that 
the design of this circuit can lead to some serious safety 
hazards. If the overload contact connected to starter 
2M should open, the high-pressure pump motor will 
continue to operate without sufficient air being injected 
into the combustion chamber. Also, there is no safety 
switch to turn the pump motor off if the blower motor 


Chapter 41 Developing Control Circuits @ 449 


OL 


3 SECONDS 


1CR 


fails to provide cooling air across the heat exchanger. It is 
recommended that the following changes be made to the 
circuit: 


1. If an overload occurs to the air induction motor, it 
will stop operation of both the high-pressure pump 
motor and the air induction motor. 
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Figure 41-11 Heating system control. 


2. An overload of the high-pressure pump motor will 
stop only that motor and permit the air induction 
motor to continue operation. 


3. The air induction motor will continue operating 
for one minute after the high-pressure pump motor 
has been turned off. This will clear the combustion 
chamber of excessive smoke and fumes. 


4. A high-limit thermostat is added to the heat ex- 
changer to turn the pump motor off if the tempera- 
ture of the heat exchanger should become excessive. 


These circuit changes can be seen in Figure 41—12. 
Thermostat TS3 is the high limit thermostat. Because it 
is to be used to perform the function of stop, it is nor- 
mally closed and connected in series with motor starter 
1M. An off-delay timer is used to control starter 2M, and 
the overload contact of starter 2M has been connected 
in such a manner that it can stop the operation of both 
the air induction blower and the high-pressure pump. 
Notice, however, that if 1M overload contact opens, it 
will not stop the operation of the air induction blower 
motor. The air induction blower motor would continue 
to operate for a period of one minute before stopping. 

The logic of the circuit is as follows: When ther- 
mostat TSI closes its contact, coils 1M and TR are 
energized. Because timer TR is an off-delay timer, con- 
tact TR closes immediately, permitting motor starter 
2M to energize. When thermostat TS] is satisfied and re- 
opens its contact, or if thermostat TS3 opens its contact, 


coils 1M and TR de-energize. Contact TR will remain 
closed for a period of one minute before opening and 
disconnecting starter 2M from the power line. 

Although the circuit in Figure 41—12 satisfies the basic 
circuit requirement, there is still a potential problem. If the 
air induction blower fails for some reason other than the 
overload contact opening, the high-pressure pump motor 
will continue to inject oil into the combustion chamber. To 
prevent this situation, an air-flow switch, FL1, is added to 
the circuit as shown in Figure 41-13. This flow switch is 
mounted in such a position that it can sense the movement 
of air produced by the air induction blower. 

When thermostat contact TS1 closes, coil TR ener- 
gizes and closes contact TR. This provides a circuit to 
motor starter 2M. When the air injection blower starts, 
flow switch FL1 closes its contact and permits the high- 
pressure pump motor to start. If the air injection blower 
motor stops for any reason, flow switch FL1 will dis- 
connect motor starter 1M from the power line and stop 
operation of the high-pressure pump. 

Although the circuit now operates as desired, the 
owner of the building later decides the blower should cir- 
culate air inside the building when the heating system is not 
in use. To satisfy this request, an AUTO-MANUAL switch 
is added as shown in Figure 41—14. When the switch is set 
in the AUTO position, it permits the blower motor to be 
controlled by the thermostat TS2. When the switch is set in 
the MANUAL position, it connects the coil of starter 3M 
directly to the power line and permits the blower motor to 
operate independently of the heating system. 
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Figure 41-12 A timer is added to operate the air induction blower. 
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Figure 41-13 An air flow switch controls the operation of the high-pressure burner motor. 
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Figure 41-14 An AUTO-MANUAL switch is added to the blower motor. 
Pii/Review Questions To answer the following questions refer to the circuit 


shown in Figure 41-10. 


To answer the following questions refer to the circuit 6. Is timer 1TR an on-delay or off-delay timer? 


in Figure 41-6. 
om 7. Assume that the THIRD SPEED push button is 

1. The pressure switch is shown as: pressed. Explain the sequence of operation for 
a. Normally open the circuit. 
b. Normally closed 
c. Normally open held closed 8. Assume that the THIRD SPEED push button is 
d. Normally closed held open pressed and the motor starts in its first or low- 

est speed. After a delay of 3 seconds the motor 

2. When the pressure switch closes, which starter accelerates to its second speed, but never accel- 
will energize first, 1M or 2M? Explain your erates to its highest or third speed. Which of the 
answer. following could cause this problem? 


a. CR coil is open. 
b. Coil 2TR is open. 
c. Coil 1TR is open. 
d. Coil 1S is open. 


3. Is timer TR an on-delay timer or an off-delay 

timer? Explain how you can determine which it is 
by looking at the schematic diagram. 

4. What is the purpose of timer TR in this circuit? 9. Assume that both timers are set for a delay of 
3 seconds, Now assume that coil 1S is open. If 
the THIRD SPEED push button is pressed, will the 
motor accelerate to third speed after a delay of 
6 seconds? Explain your answer. 


5. What is the purpose of the rotary switch 
connected after the pressure switch? 
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10. Assume that timer 2TR is replaced with an 
off-delay timer, and that both timers are set for a 
delay of 3 seconds. Explain the operation of the 
circuit when the THIRD SPEED push button is 
pressed. Also explain the operation of the circuit 
when the STOP button is pressed. 


To answer the following questions refer to the circuit 
shown in Figure 41-14. 


11. Temperature switch TS1 is shown as: 
a. Normally open 
b. Normally closed 
c. Normally open held closed 
d. Normally closed held open 


12. Temperature switch TS2 is shown as: 
a. Normally open 
b. Normally closed 
c. Normally open held closed 
d. Normally closed held open 


Le 
14. 


15. 
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Is timer TR an on-delay or off-delay timer? 


Temperature switch TS3 is shown as: 
a. Normally open 

b. Normally closed 

c. Normally open held closed 

d. Normally closed held open 


Assume that contact TS1 closes and the air injec- 
tion blower motor starts operating, but the high- 

pressure pump motor does not start. What could 
cause this problem? 

a. Temperature switch TS3 is open. 

b. Coil 2M is open. 

c. Flow switch FL1 is defective and did not close. 
d. Coil TR is open. 
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Chapter 42 





a A MM aM I MM 


It is not a question of if'a control circuit will eventually fail, but when it will fail. One 
of the main jobs of an industrial electrician is to troubleshoot and repair a control 
circuit when it fails. In order to repair or replace a faulty component, it is first neces- 
sary to determine which component is at fault. The three main instruments an elec- 
trician uses to troubleshoot a circuit are the voltmeter, ohmmeter, and ammeter. The 
voltmeter and ohmmeter are generally contained in the same meter (Figure 42-1). 
These meters are called mu/timeters because they can measure several different 
electrical quantities. Some electricians prefer to use a plunger type voltage tester 
because these testers are not susceptible to ghost voltages, Figure 42—2.High 
impedance voltmeters often give an indication of some amount of voltage, caused by 


Optical RS232 
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Figure 42-1 Digital multimeter. Figure 42-2 Low impedance voltage tester 
often called a Wigay. 


Objectives 


After studying this chapter 
the student will be able to: 


>> Safely check a circuit to 
determine whether power is 
disconnected. 


>> Use a voltmeter to trouble- 
shoot a control circuit. 


>> Use an ohmmeter to test for 
continuity. 


>> Use an ammeter to 
determine whether a motor is 
overloaded. 
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feedback and induction. Plunger type voltage testers are Ammeters are generally clamp-on type (Figure 42-3). 
low impedance devices and require several milliamperes Both analog and digital meters are in common use. 
to operate. The disadvantage of plunger type voltage Clamp-on type ammeters have an advantage in that the 
testers is that they cannot be used to test control systems circuit does not have to be broken to insert the meter 
that operate on low voltage, such as 24 volt systems. in the line. 
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Figure 42-3 (A) Analog type clamp-on ammeter with vertical scale. (B) Analog type clamp-on ammeter with flat scale. 
(C) Clamp-on ammeter with digital scale. 
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Miii/Satety Precautions 


It is often necessary to troubleshoot a circuit with power 
applied to the circuit. When this is the case, safety 
should be the first consideration. When de-energizing 
or energizing a control cabinet or motor control center 
module, the electrician should be dressed in flame retar- 
dant clothing while wearing safety glasses, a face shield, 
and hard hat. Motor control centers employed through- 
out industry generally have the ability to release enough 
energy in an arc-fault situation to kill a person 30 feet 
away. Another rule that should always be observed 
when energizing or de-energizing a circuit is to stand to 
the side of the control cabinet or module. Do not stand 
in front of the cabinet door when opening or closing 
the circuit. A direct short condition can cause the cabi- 
net door to be blown off. 

After the cabinet or module door has been opened, 
the power should be checked with a voltmeter to make 
certain the power is off. A procedure called check, test, 
check, should be used to make certain that the power 
is off. 


1. Check the voltmeter on a known source of voltage 
to make certain the meter is operating properly. 


2. Test the circuit voltage to make certain that it is off. 


3. Check the voltmeter on a known source of voltage 
again to make certain that the meter is still working 


properly. 


Mi{iNNo\tmeter Basics 


Recall that one definition of voltage is e/ectrical pres- 
sure. The voltmeter indicates the amount of potential be- 
tween two points in much the same way a pressure gauge 
indicates the pressure difference between two points. The 
circuit in Figure 42-4 assumes that a voltage of 120 volts 
exists between LI and N. If the leads of a voltmeter were 
to be connected between L1 and N the meter would indi- 
cate 120 volts. 

Now assume that the leads of the voltmeter are con- 
nected across the lamp (Figure 42-5). 


Question 1; Assuming that the lamp filament is 
good, would the voltmeter indicate 0 volts, 120 volts, 
or some value between 0 and 120 volts? 


Answer: The voltmeter would indicate 0 volts. In 
the circuit shown in Figure 42-5, the switch and 
lamp are connected in series. One of the basic rules 
for series circuits is that the voltage drop across all 
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VOLTMETER 
4 120 VAC nl 
SWITCH LAMP 
Figure 42-4 The voltmeter measures electrical pressure 
between two points. 
VOLTMETER 
uu N 
SWITCH LAMP 


Figure 42-5 The voltmeter is connected across the lamp. 


circuit components must equal the applied voltage. 
The amount of voltage drop across each component 
is proportional to the resistance of the components 
and the amount of current flow. Because the switch 
is open in this example, there is no current flow 
through the lamp filament and no voltage drop. 


Question 2: If the voltmeter was to be connected 
across the switch as shown in Figure 42-6, would 
it indicate 0 volts, 120 volts, or some value between 
0 and 120 volts? 


Answer: The voltmeter would indicate 120 volts. 
Because the switch is an open circuit, the resistance 
is infinite at this point, which is millions of times 
greater than the resistance of the lamp filament. 
Recall that voltage is electrical pressure. The only 
current flow through this circuit is the current flow- 
ing through the voltmeter and the lamp filament 
(Figure 42-7). 
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VOLTMETER 





SWITCH LAMP. 


Figure 42-6 The voltmeter is connected across the switch. 


VOLTMETER 


VOLTMETER 


L1 





SWITCH 


LAMP 


Figure 42-8 The lamp filament is burned open. 


VOLTMETER 





SWITCH LAMP. 


Figure 42-7 Accurrent path exists through the voltmeter and 
lamp filament. 


Question 3: If the total or applied voltage in a se- 
ries circuit must equal the sum of the voltage drops 
across each component, why is all the voltage drop 
across the voltmeter resistor and none across the 
lamp filament? 


Answer: There is some voltage drop across the 
lamp filament because the current of the voltmeter 
is flowing through it. The amount of voltage drop 
across the filament, however, is so small as compared 
to the voltage drop across the voltmeter it is gener- 
ally considered to be zero. Assume the lamp fila- 
ment to have a resistance of 50 ohms. Now assume 
that the voltmeter is a digital meter and has a re- 
sistance of 10,000,000 ohms. The total circuit resis- 
tance is 10,000,050 ohms. The total circuit current 
is 0.000,011,999 ampere (120/10,000,050) or about 
12 microamps. The voltage drop across the lamp 
filament would be approximately 0.0006 volts or 
0.6 millivolts (50 Q x 12 WA). 
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SWITCH LAMP. 


Figure 42-9 The voltmeter is connected across both 
components. 


Question 4: Now assume that the lamp filament is 
open or burned out. Would the voltmeter in Figure 
42-8 indicate 0 volts, 120 volts, or some value 
between 0 and 120 volts? 


Answer: The voltmeter would indicate 0 volts. If the 
lamp filament is open or burned out, a current path 
for the voltmeter does not exist and the voltmeter 
would indicate 0 volts. In order for the voltmeter 
to indicate voltage, it would have to be connected 
across both components so that a complete circuit 
would exist from L1 to N (Figure 42-9). 


Question 5; Assume that the lamp filament is not open 
or burned out and that the switch has been closed or 
turned on. If the voltmeter is connected across the 
switch, would it indicate 0 volts, 120 volts, or some 
value between 0 and 120 volts (Figure 42-10)? 


Answer: The voltmeter would indicate 0 volts. Now 
that the switch is closed, the contact resistance is 
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VOLTMETER 


L1 





SWITCH LAMP 


Figure 42-10 The switch is turned on or closed. 


VOLTMETER 





SWITCH LAMP 


Figure 42-11 Practically all the voltage drop is across the 
lamp. 


extremely small and the lamp filament exhibits a 
much higher resistance than the switch. Practically 
all the voltage drop will now appear across the lamp 
(Figure 42-11). 


fii/Test Procedure Example 1 


The type of problem determines the procedure to be 
employed when troubleshooting a circuit. Assume that 
an overload relay has tripped several times. The first step 
is to determine what conditions could cause this prob- 
lem. If the overload relay is a thermal type, a source of 
heat is the likely cause of the problem. Make mental 
notes of what could cause the overload relay to become 
overheated. 


1. Excessive motor current. 


2. High ambient temperature. 
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3. Loose connections. 
4. Incorrect wire size. 


If the motor has been operating without a problem 
for some period of time, incorrect wire size can probably 
be eliminated. If it is a new installation, it would be a fac- 
tor to consider. 

Because overload relays are intended to discon- 
nect the motor from the power line in the event that the 
current draw becomes excessive, the motor should be 
checked for excessive current. The first step is to deter- 
mine the normal full load current from the nameplate on 
the motor. The next step is to determine the percent of 
full load current setting for the overload relay. 





EXAMPLE: A motor nameplate indicates the 
full load current of the motor is 46 amperes. The 
nameplate also indicates the motor has a service 
factor of 1.00. The National Electrical Code 
indicates the overload should be set to trip at 
115 percent of the full load current. Overload 
heaters are generally selected from a manufac- 
turers chart based on full load current and per- 
centage as determined by service factor and/or 
temperature rise listed on the motor nameplate. 


The next step is to check the running current of 
the motor with an ammeter. This is generally accom- 
plished by measuring the motor current at the overload 
relay (Figure 42—12). The current in each phase should 
be measured. If the motor is operating properly, the 


TO LOAD CONTACTS ON MOTOR STARTER 





TO MOTOR 


Figure 42-12 A clamp-on ammeter is used to check motor 
current. 
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TO LOAD CONTACTS ON MOTOR STARTER 





TO MOTOR 


Figure 42-13 Ammeter readings indicate that the motor is 
operating normally. 


readings may not be exactly the same, but they should 
be close to the full load current value if the motor is 
operating under load and relatively close to each other. 
In the example shown in Figure 42—13, phase | has a 
current flow of 46.1 amperes, phase 2 has a current 
flow of 45.8 amperes, and phase 3 has a current flow 
of 45.9 amperes. These values indicate that the motor 
is Operating normally. Because the ammeter indicates 
that the motor is operating normally, other sources of 
heat should be considered. After turning off the power, 
check all connections to ensure that they are tight. 
Loose connections can generate a large amount of heat, 
and loose connections close to the overload relay can 
cause the relay to trip. 

Another consideration should be ambient temper- 
ature. If the overload relay is located in an area of high 
temperature, the excess heat could cause the overload 
relay to trip prematurely. If this is the case, bimetal 
strip type overload relays (Figure 42—14), can often 
be adjusted for a higher setting to offset the problem 
of ambient temperature. If the overload relay is the 
solder melting type, it will be necessary to change the 
heater size to offset the problem, or install some type 
of cooling device such as a small fan. If a source of 
heat cannot be identified as the problem, the overload 
relay probably has a mechanical defect and should be 
replaced. 

Now assume that the ammeter indicated an exces- 
sively high current reading on all three phases. In the 
example shown in Figure 42—15, phase | has a current 
flow of 58.1 amperes, phase 2 has a current flow of 





Figure 42-14 Bimetal strip type overload relays can be set for a 


higher value of current. 


TO LOAD CONTACTS ON MOTOR STARTER 





TO MOTOR 


Figure 42-15 Ammeter readings indicate that the motor is 
overloaded. 
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59.2 amperes, and phase 3 has a current flow of 59.3 am- 
peres. Recall that the full load nameplate current for 
this motor is 46 amperes. These values indicate that 
the motor is overloaded. The motor and load should 
be checked for some type of mechanical problem, such 
as a bad bearing or possibly a brake that has become 
engaged. 

Now assume that the ammeter indicates one phase 
with normal current and two phases that have excessively 
high current. In the example shown in Figure 42-16, 
phase | has a current flow of 45.8 amperes, phase 2 has a 
current flow of 73.2 amperes, and phase 3 has a current 
flow of 74.3 amperes. Two phases with excessively high 
current indicate that the motor probably has a shorted 
winding. If two phases have a normal amount of current 
and one phase is excessively high, it is a good indication 
that one of the phases has become grounded to the case 
of the motor. 


iiitest Procedure Example 2 


The circuit shown in Figure 42-17 is a reversing starter 
with electrical and mechanical interlocks. Note that dou- 
ble-acting push buttons are used to disconnect one contac- 
tor if the START button for the other contactor is pressed. 
Now assume that if the motor is operating in the forward 
direction, and the REVERSE push button is pressed, the 
forward contactor de-energizes but the reverse contactor 
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Figure 42-17 Reversing starter with interlocks. 
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TO LOAD CONTACTS ON MOTOR STARTER 





TO MOTOR 


Figure 42-16 Ammeter readings indicate that the motor has a 
shorted winding. 


does not. If the FORWARD push button is pressed, the 
motor will restart in the forward direction. 

To begin troubleshooting this problem, make mental 
notes of problems that could cause this condition. 


1. The reverse contactor coil is defective. 


2. The normally closed F auxiliary contact is open. 


REVERSE 
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3. The normally closed side of the FORWARD push 
button is open. 


4. The normally open side of the REVERSE push but- 
ton does not complete a circuit when pressed. 


5. The mechanical linkage between the forward and 
reverse contactors 1s defective. 


Also make mental notes of conditions that could not 
cause the problem. 


1. The STOP button is open. (If the STOP button 
were open the motor would not run in the forward 
direction.) 


2. The overload contact is open. (Again, if this 
were true the motor would not run in the forward 
direction.) 


To begin checking this circuit, an ohmmeter can be 
used to determine whether a complete circuit path exists 
through certain components. When using an ohmmeter, 
make certain that the power is disconnected from the cir- 
cuit. A good way to do this in most control circuits is to 
remove the control transformer fuse. The ohmmeter can 


nYY CONTROL 
TRANSFORMER 


FORWARD 





be used to check the continuity of the reverse contactor 
coil, the normally closed F contact, the normally closed 
section of the FORWARD push button, and across 
the normally open REVERSE push button when it is 
pressed (Figure 42-18). 

The ohmmeter can be used to test the starter coil 
for a complete circuit to determine whether the winding 
has been burned open, but it is generally not possible to 
determine whether the coil is shorted. To make a final 
determination, it is generally necessary to apply power 
to the circuit and check for voltage across the coil. Be- 
cause the REVERSE push button must be closed to 
make this measurement, it is common practice to con- 
nect a fused jumper across the push button if there is no 
one to hold the button closed (Figure 42-19). A fused 
jumper is shown in Figure 42—20. When using a fused 
jumper, power should be disconnected when the jumper 
is connected across the component. After the jumper 
is In position, power can be restored to the circuit. If 
voltage appears across the coil, it is an indication that 
the coil is defective and should be replaced or that the 
mechanical interlock between the forward and reverse 
contactors is defective. 


REVERSE 


MA COMMON V 


Figure 42-18 Checking components for continuity with an ohmmeter. 
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Figure 42-19 Testing to determine whether voltage Is being applied to the coil. 








Figure 42-20 A fused jumper is often used to complete a circuit when troubleshooting. 
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fiiTest Procedure Example 3 


The next circuit to be discussed is shown in Figure 42-21. 
This circuit permits the motor to be started in any of 
three speeds with a 5-second time delay between accel- 
erating from one speed to another. Regardless of which 
speed push button is pressed, the motor must start in 
its lowest speed and progress to the selected speed. It is 
assumed that 8 pin on-delay timers are used to provide 
the time delay for acceleration to the next speed. 

Assume that when the third speed push button is 
pressed the motor starts in its lowest speed. After 5 sec- 
onds the motor accelerates to second speed, but never 
increases to third speed. As in the previous examples, 
start by making a mental list of the conditions that could 
cause this problem. 


1. Contactor S2 is defective. 

2. Timed contact TR2 did not close. 

3. Timer TR2 is defective. 

4. CR2 or SI contacts connected in series with timer 
TR2 did not close. 


Begin troubleshooting this circuit by pressing the 
THIRD SPEED push button and permit the motor to 
accelerate to second speed. Wait at least 5 seconds after 
the motor has reached third speed and connect a voltme- 
ter across the coil of S2 contactor (Figure 42-22). It will 
be assumed that the voltmeter indicated a reading of 


0 volts. This indicates that no power is being applied to the 
coil of $2 contactor. The next step is to check for voltage 
across pins | and 3 of timer TR2 (Figure 42-23). If the 
voltmeter indicates a value of 120 volts, it is an indication 
that the normally open timed contact has not closed. 

If timed contact TR2 has not closed, check for volt- 
age across timer TR2 (Figure 42-24). This can be done 
by checking for voltage across pins 2 and 7 of the timer. 
If a value of 120 volts is present, the timer is receiving 
power but contact TR2 did not close. This is an indica- 
tion that the timer is defective and should be replaced. If 
the voltage across timer coil TR2 is 0, then the voltmeter 
should be used to determine whether contact CR2 or S1 
is Open. 

Troubleshooting is a matter of progressing logically 
through a circuit. It is virtually impossible to trouble- 
shoot a circuit without a working knowledge of sche- 
matics. You can’t determine what a circuit is or is not 
doing if you don’t understand what it is intended to do 
in normal operation. Good troubleshooting techniques 
take time and practice. As a general rule, it is easier to 
progress backward though the circuit until the problem 
is identified. For example, in this circuit, contactor $2 
provided the last step of acceleration for the motor. By 
starting a contactor $2 and progressing backward un- 
til determining what component was responsible for no 
power being applied to the coil of S2 was much simpler 
and faster than starting at the beginning of the circuit 
and going through each component. 
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Figure 42-21 Three speed control for a wound rotor induction motor. 
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Figure 42-22 Checking for voltage across S2 coil. 
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Figure 42-23 Checking for voltage across pins 1 and 3 of TR2 timer. 
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Figure 42-24 Checking for voltage across TR2 coil. 
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NihiiMotors 


The control circuit is intended to control the opera- 
tion of a motor or motors. It is sometimes necessary to 
determine if a problem exists with the motor itself. If 
the motor is in operation, the fastest way to check for a 
problem is to measure the current of each line supply- 
ing power to the motor. The running current should be 
within the nameplate full load current rating. Also, the 
currents should be within a few percent of each other. 
If the current is high on all phases, it could be an in- 
dication that there is a mechanical problem with the 
motor or the load. Mechanical problems can be caused 
by bad bearing in the motor or load, or by shorted or 
grounded motor windings. It is also possible that me- 
chanical brakes are not adjusted properly and the brake 
lining is dragging when the motor is in operation. To 
check for a bad bearing it is generally necessary to dis- 
connect the motor from the load. The rotor should turn 
freely. A bad bearing will often cause the rotor to drag 
and often times a grinding sound can be heard. In some 
instances it may be necessary to use a vibration sensor 
to determine if a bearing is bad. 


Windings 


If the currents measured are significantly different in 
value it can be an indication of a problem with the 
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motor windings. Often a visual inspection will reveal 
a faulty winding. A strong acidic smell can also reveal 
a badly charred winding. If the winding is grounded, 
an ohmmeter can generally be used to check for 
continuity between the T leads and the case of the 
motor. If only one winding is grounded it will exhibit a 
lower resistance to the motor case than the other two, 
Figure 42-25. 

Open windings can also be determined with an 
ohmmeter by measuring the resistance between each T 
lead. If one winding is open it will exhibit no continuity 
between it and the other two T leads, Figure 42-26. 

Determining if a winding is shorted with an ohm- 
meter can be extremely difficult. In theory, if one winding 
is shorted it should have a lower resistance than the other 
two. Therefore, an ohmmeter should measure a lower re- 
sistance between the shorted winding and the other two 
T leads than it will between the two windings that are 
not shorted. In practice, the winding resistance of large 
horsepower motors is very low to begin with, sometimes 
less than 1 ohm. To determine if a motor winding is 
shorted it is generally necessary to measure the induc- 
tance of the windings. This can be accomplished with 
an inductance bridge if one is available. Another method 
that often works employs the use of an autotransformer 
to supply a low voltage to the windings and measure the 
current flow between two T leads at a time, Figure 42-27. 
Autotransformers that can supply a variable voltage 





Figure 42-25 A grounded winding can generally be found with an ohmmeter. 
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Figure 42-26 The ohmmeter will indicate no continuity for an open winding. 
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Figure 42-27 An autotransformer and ammeter are used to test for a shorted winding. 


permit the voltage to be increased slowly to avoid an over 
current condition. An autotransformer that can supply 
a variable voltage is shown in Figure 42-28. If all motor 
windings are good, the current flow should be approxi- 
mately the same with the same voltage applied between 
all T leads. If one winding is shorted the current between 
the shorted winding and the other two T leads will be 
greater than the current flow between the two windings 
that are not shorted. 

Megohmmeters are often used to check motor 
windings. These meters measure resistance in millions 
of ohms and are generally employed to test insulation 
resistance. Common ohmmeters depend on an internal 
battery that generally ranges from 1.5 to 9 volts to sup- 
ply the voltage for making a resistance measurement. 
This low voltage is often not high enough to detect 
a problem with wire insulation that may break down 
under a higher voltage. Megohmmeters, commonly 


called meggers, can develop voltages that range from 
250 to 5000 volts depending on the model of the me- 
ter and the range setting. Many meggers contain a 
range selection switch that permits the meter to be 
used as a standard ohmmeter or as a megohmmeter. 
A hand-crank megger with voltage settings of 100 
volts, 250 volts, 500 volts, and 1000 volts is shown in 
Figure 42-29. The advantage of a hand-crank megger 
is that it does not require the use of batteries. Meggers 
can also be obtained that are battery powered, Figure 
42-30. These meters are small, light weight, and par- 
ticularly useful when it becomes necessary to test the 
dielectric of a capacitor. Meggers are generally used to 
test the winding insulation of a motor to determine if 
it has become weak or damaged. To test the insulation, 
connect one of the meter leads to the case of the mo- 
tor and the other to each of the motor T leads one at 
a time. Set the voltage range to a value that is close to 
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Figure 42-30 Battery powered Megger. 
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or slightly higher than the rated motor voltage. The in- 
sulation should measure in the millions of ohms if it is 
good. Meggers cannot be used to determine if a wind- 
ing is shorted. 


Motor Overheating 


A very common problem faced by many electricians is 
motor overheating. Motor overheating can be caused by 
several factors: 


* Mechanical 

* Poor Ventilation 

* Improper Wire Size 

* Overload Heaters Not Sized Correctly 
* Motor Undersized for the Load 

¢ Over and Under Voltage 

* Unbalanced Voltages 


Overheating can lead to poor efficiency and motor 
burnout. If the motor is overheating the cause should be 
determined and corrected. 


Mechanical 


The mechanical problems with bearings and windings 
discussed previously can cause the motor to overheat. 





Poor Ventilation 


Poor ventilation can cause an accumulation of dirt or 
other foreign matter to accumulate on the motor. Also, if 
the motor is located in an enclosed space there may not 
be enough air circulation to remove heat from the motor. 
The amount of heat removal is proportional to the sur- 
face area of the motor, the difference between motor 
temperature and ambient temperature, and the amount 
of air flow. Fins are often part of the motor case to 
increase surface area to aid in cooling, Figure 42-31. In 
areas of high ambient temperature it may be necessary to 
place a fan in a position that it will blow on the motor. 
The increased air flow will remove heat at a faster rate. 


Improper Wire Size 


If the wire supplying the motor is too small it will cause 
excessive voltage drop. The procedure for determining 
the proper wire size in accord with the National Electri- 
cal Code was presented in Chapter 37. The only other 
basic consideration is the length of the conductor. The 
wire size determined in accord with the NEC assumes 
that the wire length will not greatly affect the resistance 
and therefore the amount of voltage drop at the motor. 
As a general rule, for each 100 feet of wire length the size 
should be increased one standard size. Assume that a 
motor requires a 10 AWG copper conductor in accord 
with the NEC. Now assume that the motor is located 
150 feet from the source. The conductor size should be 


Courtesy of Baldor Electric Company 


Figure 42-31 Fins increase the surface area to aid in cooling the motor. 
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increased to 8 AWG to reduce the resistance because of 
the length of the conductors. 


Overload Heaters Not Sized Correctly 


One of the leading causes of motor burn-out is improper 
sizing of the overloads. Overloads are designed to discon- 
nect a motor from power in the event of excessive current 
draw. Thermal overloads depend on a heater connected 
in series with the motor to produce enough heat to dis- 
connect the motor in the event the current becomes too 
great, Figure 42-32. Overload heaters should be sized in 
accord with the NEC as discussed in Chapter 37. 


Motor Undersized for the Load 


Another cause of motor overheating is the motor horse- 
power is not sufficient for the load. It is common practice 
to use the service factor rating of the motor to increase 
the horsepower. For example, assume that a load requires 
22 horsepower. Often a 20 horsepower motor with a ser- 
vice factor of 1.15 will be used (20 HP X 1.15 = 23 HP) 
to supply the power. Although motors can run continually 
in their service factor rating, doing so will generally cause 
excessive heat in the winding and greatly shorten the life 
of the motor. A better solution is to install a motor with a 
larger horsepower than that required by the load. 


Over and Under Voltage 


Another cause of motor overheating and possibly 
burn out is improper voltage. NEMA rated motors are 
designed to operate at + 10 percent of their rated voltage. 
The chart in Figure 42-33 shows the approximate change 
in motor current and temperature for typical squirrel 
cage electric motors operated over their rated voltage 
(110%) and under their rated voltage (90%). These values 
assume the motor is connected to a balanced three-phase 
system. The NEC generally limits voltage drop to 3 per- 
cent of the rated voltage. 
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Figure 42-32 The overload heater is connected in series with 
the motor. 


Unbalanced Voltage 


One of the worst operating conditions for a poly-phase 
motor is when it is connected to unbalanced voltages. 
Three-phase voltages generally become unbalanced 
when single-phase loads are added to the system. NEMA 
recommends that the voltages in a three-phase system 
should be maintained within | percent of each other. 
Unbalanced voltages can cause a much greater heating 
effect in the motor windings than over or under voltages 
in a balanced system. The most extreme example of an 
unbalanced voltage is when a three-phase motor loses 
one phase and operates as a single-phase motor, Figure 
42-34. Single phasing causes a 73 percent increase in 
motor current in the two windings connected to power. 

To determine the percent of voltage unbalance 
follow the steps shown: 


* Step | - Take voltage measurements between all 
phases. In this example it will be assumed that the 
voltage between AB = 496 volts, BC = 460 volts, 
and AC = 472 volts. 


¢ Step 2 - Determine the average voltage. 


496 + 460 + 472 = 1428 volts 
1428 /3 = 476 volts (Average) 


Voltage Full Load Starting Approximate Temperature 
Variation Current Current Variation @ Full Load 





Figure 42-33 Voltage versus current table. 
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OPEN CIRCUIT 





3 PHASE MOTOR 


Figure 42-34 Single phasing occurs when a three-phase motor looses one phase. 


* Step 3 - Subtract the average voltage from the read- 
ing that results in the greatest difference. 


496 — 476 = 20 volts 


* Step 4- Determine the percent difference. 


The amount of heat rise in the winding with the highest 
current due to unbalanced voltages is equal to twice the 
percent squared. 


Heat rise = 2 X (percent voltage unbalance)” 
2 X 4.2 X 4.2 = 35.28% 


In this example the winding with the highest current will 
experience a 35.28 percent increase in temperature. 


Miii/Review Questions 


1. What are the three main electrical test instru- 
ments used in troubleshooting? 


. What is the advantage of a plunger type voltage 


tester? 


. Amotor is tripping out on overload. The motor 


nameplate reveals a full load current of 68 
amperes. When the motor is operating under 
load, an ammeter indicates the following: Phase 
#1 = 106 amperes, Phase #2 = 104 amperes, 
and Phase #3 = 105 amperes. What is the most 
likely problem with this motor? 


. Amotor is tripping out on overload. The motor 


nameplate reveals a full load current of 168 
amperes. When the motor is operating under 
load, an ammeter indicates the following: Phase 
#1 = 166 amperes, Phase #2 = 164 amperes, 
and Phase #3 = 225 amperes. What is the most 
likely problem with this motor? 


. Refer to the circuit shown in Figure 42-17 The 


motor will not start in either the forward or 

reverse direction when the START push buttons 

are pressed. Which of the following could not 

cause this problem? 

a. F coil is open. 

b. The overload contact is open. 

c. The control transformer fuse is blown. 

d. The stop push button is not making a complete 
circuit. 
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6. Refer to the circuit shown in Figure 42-17, Assume 


that the motor is running in the forward direction. 

When the REVERSE push button is pressed, the 

motor continues to run in the forward direction. 

Which of the following could cause this problem? 

a. The normally open side of the reverse push 
button is not making a complete circuit when 
pressed. 

b. R contactor coil is open. 

c. The normally closed side of the reverse push 
button is not breaking the circuit when the 
reverse push button is pressed. 

d. There is nothing wrong with the circuit. The 
stop push button must be pressed before the 
motor will stop running in the forward direction 
and permit the motor to be reversed. 


7. Refer to the circuit shown in Figure 42-21. When 
the THIRD SPEED push button is pressed, the 
motor starts in first soeed but never accelerates 
to second or third speed. Which of the following 
could not cause this problem? 

a. Control relay CR1 is defective. 

b. Control relay CR2 is defective. 

c. Timer TR1 is defective. 

d. Contactor coil S1 is open. 


. Refer to the circuit shown in Figure 42-21. 
Assume that the THIRD SPEED push button is 
pressed. The motor starts in second speed, 
skipping first speed. After 5 seconds, the motor 
accelerates to third speed. Which of the following 
could cause this problem? 

a. S1 contactor coil is open. 

b. CR1 contactor coil is open. 

c. TR1 timer coil is open. 

d. S1 load contacts are shorted. 


9. 


10. 


At 


12. 
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Refer to the circuit shown in Figure 42-17. If 

a voltmeter is connected across the normally 
open FORWARD push button, the meter should 
indicate a voltage value of: 

a. O volts 

b. 30 volts 

c. 60 volts 

d. 120 volts 


Refer to the circuit shown in Figure 42-21. 
Assume that a fused jumper is connected across 
terminals 1 and 3 of TR2 timer. What would 
happen if the jumper were left in place and the 
FIRST SPEED push button pressed? 

a. The motor would start in its lowest speed and 
progress to second speed, but never increase 
to third speed. 

b. The motor would start operating immediately in 
third speed. 

c. The motor would not start. 

d. The motor would start in second speed and 
then increase to third speed. 


The voltages supply a three-phase squirrel cage 
induction motor are as follows: A—B = 202 volts; 
A-C = 216 volts; B—C = 207 volts. What is the 
percent voltage unbalance? 


Using the values in question 11, determine 
the percent of heat rise in the winding with the 
highest current. 
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LABORATORY EXERCISES 


EXERCISE 1 
Basic Control 


EXERCISE 2 
START-STOP Push Button Control 


EXERCISE 3 
Multiple Push Button Stations 


EXERCISE 4 
Forward-Reverse Control 


EXERCISE 5 
Sequence Control 


EXERCISE 6 
Jogging Controls 


EXERCISE 7 
On-Delay Timers 


EXERCISE 8 
Off-Delay Timers 


EXERCISE 9 
Designing a Printing Press Circuit 


EXERCISE 10 
Sequence Starting and Stopping for Three Motors 


EXERCISE 11 
Hydraulic Press Control 


EXERCISE 12 
Design of Two Flashing Lights 


EXERCISE 13 
Design of Three Flashing Lights 


EXERCISE 14 
Control for Three Pumps 


EXERCISE 15 
Oil Pressure Pump Circuit for a Compressor 


EXERCISE 16 
Autotransformer Starter 
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[it/Foreword 


The laboratory exercises presented in this book are connected to full voltage. Safety 
must be practiced at all times by students performing these exercises. It is recom- 
mended that the power supply be protected by fuses or circuit breakers. It is also rec- 
ommended that ground fault protection be used when possible to reduce the hazard 
of electrocution. These exercises are written with the assumption that a 208-volt, three 
phase, four-wire power system is available. The instructor should be asked each time 
before power is applied to the circuit. Power should be turned off each time before 
making changes to the circuit. 


Ii/i/Parts List for Laboratory Exercises 


All of the exercises presented in this textbook can be constructed using the following 
components: 


1 ea.—control transformer to step your laboratory line voltage down to 
120 VAC 


3 ea.—three phase motor starter that contains at least two normally open 
and one normally closed auxiliary contact 


3 ea.—three phase contactors (no overload relays) containing at least one 
normally open and one normally closed auxiliary contact 


3 ea.—three phase motors 1/3 to Y% HP or simulated motor loads. Note: 
Assuming a 208-volt, three phase, four-wire system, a simulated 
motor load can be constructed by connecting three lamp sockets to 
form a wye connection (Figure F1). These lamps will have a voltage 
drop of 120 volts each. If a 240-volt three phase system in is use, it 
may be necessary to connect two lamps in series for each phase or 
obtain lamps rated for 240-volt operation. These three sets of series 
lamps can then be connected wye or delta (Figure F2). 
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TO STARTER 
TO STARTER 


TO STARTER 


Figure F1 Simulated three phase motor load. 


1 ea. 


Section 10 Laboratory Exercises 








—three phase overload relay or three single 
phase overload relays with the overload 
contacts connected in series 


2 ea.—0.5 kVA control transformers 480/240-120 


1 ea. 


4 ea. 


6 ea. 


4 ea. 


3 ea. 
3 ea. 


4 ea. 


—reversing started, or two three phase con- 
tactors that contain one normally open 
and one normally closed contact, and 
one three phase overload relay 


—double-acting push buttons 


—three-way toggle switches to simulate 
float switches or limit switches 


—electronic timers (Dayton model 6A855 
recommended; available from Grainger) 
(Refer to Chapter 11 for an example of 
this timer.) 


—11 pin control relays (120-volt coil) 
—8 pin control relays (120-volt coil) 


—11 pin tube sockets 


I Suppliers 


TO STARTER 


TO STARTER 


WYE CONNECTION 


TO STARTER 
TO STARTER 


DELTA CONNECTION 


TO STARTER 


TO STARTER 


Figure F2 Lamps connected in series may be used for 240-volt 
systems and may be connected in wye or delta as a simulated 
motor load. 


3 ea.—8 pin tube sockets 
3 ea.—pilot light indicators 


1 ea.—three phase power supply, 208-volt, four- 
wire system 


Most of the parts listed can be obtained from Grainger Industrial Supply (http:/www 
.grainger.com). The Dayton model 6A855 timer is recommended because of its avail- 
ability and price. Also, it is a multifunction timer and can be used as both an on- and 
off-delay device. It will also work as a one-shot timer and a pulse timer. Although the 
Dayton timer is recommended, any 11 pin electronic timer with the same pin con- 
figuration can be used. One such timer is available from Magnecraft (model TDR 
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SRXP-120, http:/www.magnecraft.com). This timer is also available from Mouser 
Electronics (http:/www.mouser.com). Other electronic timers can be employed, but if 
they have different pin configurations, the wiring connections shown in the textbook 
will have to be modified to accommodate the different timer. 

The 8 and 11 pin control relays and sockets can be purchased from Grainger, 
Mouser Electronics, or Newark Electronics (http:/www.newark.com). The control 
transformer for use in the controls sections can be purchased from Mouser Elec- 
tronics or Sola/Hevi-duty (http:/www.solaheviduty.com). Model E250JN is recom- 
mended because it has primary taps of 208/240/277 volts. The secondary winding is 
120/24. It is also recommended that any control transformer used be fuse protected. 
Another control transformer that can be used is available from Grainger. It is rated 
at 150 VA and has a 208-volt primary and 120-volt secondary. The 0.5 kVA control 
transformers are available from Grainger or Newark Electronics. Transformers rated 
at 0.5 kVA are used because they permit the circuit to be loaded heavy enough to per- 
mit the use of clamp-on type ammeters. 

Stackable banana plugs are available from both Grainger and Newark Electron- 
ics. The oil-filled capacitors listed are available from Grainger. Color-coded resistors 
can be obtained from Newark Electronics or Mouser Electronics. 
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Materials Needed 
* Three phase power supply 
* Three phase squirrel cage induction motor or equivalent motor load 
¢ Three phase motor starter 
* Control transformer 
* 8 pin control relay 
* 8 pin tube socket 
* 11 pin control relay 
* 11 pin tube socket 


* Single pole switch (Note: A three-way toggle switch can be used as a 
single pole switch) 


* three pilot lamps 


Basic control can be broken down to something as simple as a light and a 
switch (Figure Exp. 1—1). The switch is used to control the operation of the 
light. Now assume that the light is replaced with a single phase motor (Figure 
Exp. 1-2). A switch with the proper rating can control the operation of a 
single phase motor. Now assume that it is desirable to control the operation 
of a three phase motor. The single pole switch cannot control a three phase 
load. A switch with three separate poles must be used to provide control of a 
three phase load. A three pole switch could be employed (Figure Exp. 1-3). 
Now assume that the three phase motor is to be controlled by a float switch. 
Float switches do not contain three load contacts that can be used to con- 
nect a motor to the power line. Therefore, the float switch must control the 
operation of the three pole switch shown in Figure Exp. 1—3. If the three pole 
switch was controlled by a solenoid coil, the float switch could be used to 
control the switch (Figure Exp. 1-4). This is exactly the operation of a relay 
or contactor. Relays and contactors can provide control of multiple outputs 
from a single input. The outputs are the contacts, and the input is the sole- 
noid coil. 

Because the three phase load described in the circuit shown in Figure 
Exp. 1-4 is a motor, it should be overload protected. If an overload relay is 
added to the circuit (Figure Exp. 1—5), the three pole switch becomes a motor 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Discuss the basic principles 
of control. 


>> Connect a relay circuit. 
>> Connect an 8 pin relay. 
>> Connect an 11 pin relay. 


>> Connect a three phase motor 
to a motor starter. 
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starter. Notice that the current sensing elements (overload heaters) are connected in 
series with the motor. The normally closed overload contact is connected in series 
with the solenoid coil. 

Now that magnetic control for the motor has been achieved, any number of pilot 
devices, such as limit switches, pressure switches, proximity switches, and so on can be 





120 VAC 120 VAC 


Figure Exp. 1-1 Basic control can be as simple as a light and a Figure Exp. 1-2 The light has been replaced by a single phase 
switch. motor. 


Ete 4h) Pe ks 





Figure Exp. 1-3 A three pole switch is required to control a three phase load. 


ahh gia es: 





Figure Exp. 1-4 A float switch controls the operation of the motor. 
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added to control the operation of the motor (Figure Exp. 1-6). This is the basis of 
motor control. Basically, it is the expansion of a light and a switch. 


Practical Exercise 


In this exercise, an 8 pin control relay, 11 pin control relay, and motor starter will be 
controlled by a single pole switch. The pin diagram of an 8 pin control relay is shown 
in Figure Exp. 1-7. The relay will be used to control the operation of two pilot lights. 
A schematic diagram of this circuit is shown in Figure Exp. 1-8. When using 8 and 11 


ui P22 13 





Figure Exp. 1-5 The addition of an overload relay changes the contactor into a motor starter. 


u1 LAP iS 





Figure Exp. 1-6 Any number of pilot devices can now be used to control the motor. 
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CR 


CR 





Figure Exp. 1-8 Schematic diagram of Circuit 1. 


Figure Exp. 1-7 Diagram of an 8 pin relay. 





Figure Exp. 1-9 Pin numbers are placed beside the components. 


pin control relays, connection is made to the 8 and 11 pin sockets, not the relay. The 
relays are plugged in after connection has been made. Because this circuit operates on 
120 volts, it is necessary to use a control transformer to change the three phase volt- 
age to 120 volts. When making connections to sockets, it becomes much simpler if pin 
numbers are placed on the schematic before attempting to connect the circuit. The 
diagram of the 8 pin relay is shown in Figure Exp. 1—7. The coil is connected to pins 
2 and 7. The numbers 2 and 7 will be placed beside the coil shown in Figure Exp. 1-8. 
To avoid confusion, pin numbers will be circled (Figure Exp. 1—9). The red pilot lamp 
is connected to a normally open contact. The diagram in Figure Exp. 1-8 shows that 
an 8 pin relay has two normally open contacts. One is between pins | and 3, and the 
other is between pins 8 and 6. The numbers 1 and 3 will be placed beside the normally 
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open contact that controls the red pilot lamp, and the numbers 8 and 6 will be placed 
beside the contact that controls the green pilot lamp. A diagram showing the compo- 
nents used to connect this circuit is shown in Figure Exp. 1—10. In the circuit shown 
in Figure Exp. 1-9, one side of the switch is connected to power. The other side of 
the switch is connected to terminal 2 of the 8 pin tube socket. Terminal 7 of the 8 pin 
socket is connected to the other side of the power supply. This connection is shown in 
Figure Exp. 1-11. The circuit shown in Figure Exp. 1—9 indicates that power is con- 
nected to terminals 1 and 8 of the relay. Terminal 3 is connected to one side of the 
red pilot light, and terminal 6 is connected to one side of the green pilot light. The 
other side of both pilot lights is connected back to the opposite power supply termi- 
nal (Figure Exp. 1-12). 


ee 





Figure Exp. 1-10 Components needed to connect the circuit in Figure Exp. 1—9. 
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L1 E2y) (ES. 





Figure Exp. 1-11 Connecting the switch to the relay coil. 


Procedure 1 


a) 


OOOUU 


1. 


(Caution: Make certain that the power is turned off.) Using an 8 
pin tube socket, control transformer, two pilot lamps, and single pole 
switch, connect the circuit shown in Figure Exp. 1-12. 


. Ask your instructor to check the connection. 

. After your instructor has approved the connection, plug in an 8 pin relay. 
. Make certain that the switch is in the open (turned off) position. 

. Turn on the power. 


. Are the pilot lamps on? 
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Figure Exp. 1-12 Connecting the lamps to the power supply. 


L) 7. Close (turn on) the switch. 
L) 8. Did the relay energize and turn on the two pilot lamps? 


(_}] 9. Open the switch and turn off the power. 


In this circuit, both lamps are connected to normally open contacts. The circuit will 
now be changed so that one of the lamps is connected to a normally closed contact. 
The revised circuit is shown in Figure Exp. 1-13. The diagram of the 8 pin relay 
shown in Figure Exp. 1-7 indicates that a normally closed contact exists between pins 
8 and 5. Notice that the schematic in Figure Exp. 1-13 shows that pin number 6 has 
been replaced with pin number 5. 
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Figure Exp. 1-13 One pilot lamp is connected to a normally 
closed contact. 





Figure Exp. 1-14 Pin diagram of an 11 pin relay. 


10. Remove the 8 pin relay from the socket. 


11. Remove the wire connected to terminal 6 and reconnect it to terminal 
number 5. 


12. Ask your instructor to approve the connection. 
13. Plug in the 8 pin relay. 

14. Turn on the power. 

15. Did one of the pilot lamps turn on? 


16. Close (turn on) the switch. 


i GG a 


17. Did the pilot lamp that was turned on turn off, and did the pilot lamp 
that was off turn on? 


OU 


18. Open the switch and turn off the power. 


(_} 19. Disconnect the circuit. 


Procedure 2 


In the second procedure, a single pole switch will be used to control three separate 
pilot lamps. An 11 pin relay will be used because it contains three separate sets of 
double-acting contacts (Figure Exp. 1-14). A schematic diagram of the circuit to 
be constructed is shown in Figure Exp. 1-15. In order to make connecting the cir- 
cuit simpler, pin numbers will be placed on the schematic. The diagram in Figure 
Exp. 1-14 indicates that the coil is connected to pins 2 and 10. The red pilot lamp 
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Figure Exp. 1-15 A single pole switch controls three output Figure Exp. 1-16 Pin numbers are added to the schematic. 


devices. 


is connected to a normally open contact. Pins | and 3 will be used for this con- 
nection. The amber pilot lamp is connected to a normally closed contact. Pins 6 
and 5 will be used to control the amber light. The green pilot lamp is connected 
to a normally open contact. Pins 11 and 9 will be used for this connection (Figure 
Exp. 1-16). 

As in the previous procedure, connection will be made to a socket instead of 
the actual relay. An 11 pin tube socket and connection diagram is shown in Figure 
Exp. 1-17. 


BOE eoveop Dp 


20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 


Using an 11 pin tube socket, connect the circuit shown in Figure Exp. 1-17. 
Have your instructor check the circuit for proper connection. 

Make certain that the single pole switch is open (turned off). 

Plug in the 11 pin relay and turn on the power. 

List which lamps are turned on and which are turned off. 

Close (turn on) the single pole switch. 

List which lamps are turned on and which are turned off. 

Open the single pole switch and turn off the power. 


Disconnect the circuit. 
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Figure Exp. 1-17 Connecting the 11 pin tube socket. 


Procedure 3 


In this procedure, the single pole switch will be used to control the operation of a 
three phase squirrel cage motor. The switch will control the operation of a motor 
starter by controlling the current flow to the coil. A basic schematic diagram of the 
connection is shown in Figure Exp. 1-18. The dashed lines indicate connections that 
are generally made internally on most motor starters and do not have to be connected 
by the electrician. 


[_] 29. Make sure that the power is turned off. 


L) 30. Connect the circuit shown in Figure Exp. 1-18. 
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Figure Exp. 1-18 A single pole switch controls a three phase motor. 


L) 31. Ask your instructor to check the circuit for proper connection. 
L) 32. Make sure that the single pole switch is open (turned off). 

(_} 33. Turn on the power. 

L) 34. Did the motor start running? 


LJ 35. Close (turn on) the single pole switch. 
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(_} 36. Did the motor start running? 
L) 37. Open (turn off) the single pole switch. 
(_) 38. Turn off the power. 


L) 39. Disconnect the circuit and return all components to their proper place. 


ii/Review Questions 


1. How many sets of double-acting contacts are contained on an 8 pin relay? 


2. Relays and contactors are single-input, multi-output devices. What part of a 
relay or contactor is considered the input? 


3. Which pins connect to the coil on an 8 pin relay? 
4. Which pins connect to the coil on an 11 pin relay? 


5. Referring to an 8 pin relay, if pins 1 and 4 are used, is the contact normally 
open or normally closed? 


6. Referring to an 11 pin relay, list the pin combinations that can be used to 
provide a normally open contact. 
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Materials Needed 
* Three phase power supply 
* Three phase squirrel cage induction motor or simulated load 
* Two double-acting push buttons (NO/NC on same button) 


¢ Three phase motor starter or contactor with overload relay containing 
three load contacts and at least one normally open auxiliary contact 


* Control transformer 


In this exercise, a schematic diagram of a START-STOP push button control 
will be converted to a wiring diagram and then connected in the laboratory. 
A schematic diagram shows components in their electrical sequence without re- 
gard for the physical location of any component (Figure Exp. 2-1). A wiring 
diagram is a pictorial representation of components with connecting wires. The 
pictorial representation of the components is shown in Figure Exp. 2-2. 


Objectives 


After completing this 
experiment the student 
should be able to: 


>> Place wire numbers ona 
schematic diagram. 


>> Place corresponding 
numbers on control components. 


>> Draw a wiring diagram from 
a schematic diagram. 


>> Define the difference 
between a schematic or ladder 
diagram and a wiring diagram. 


>> Connect a START-STOP 
push button control circuit. 


495 
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Figure Exp. 2-1 Schematic diagram of a basic START—STOP push button control circuit. 
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Figure Exp. 2-2 Components of the basic START—STOP control circuit. 
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Figure Exp. 2-3 The number 1 is placed beside each component connected to L1. 


To simplify the task of converting the schematic diagram into a wiring diagram, 
wire numbers will be added to the schematic diagram. These numbers will then be 
transferred to the control components shown in Figure Exp. 2—2. The rules for num- 
bering a schematic diagram are as follows: 


(_} 1. Aset of numbers can be used only once. 
a 2. Each time you go through a component the number set must change. 
(_} 3. All components that are connected together will have the same number. 


To begin the numbering procedure, begin at Line | (L1) with the number | 
and place a number | beside each component that is connected to LI (Figure 
Exp. 2-3). The number 2 is placed beside each component connected to L2 (Fig- 
ure Exp. 2-4), and a number 3 is placed beside each component connected to L3 
(Figure Exp 2-5). The number 4 will be placed on the other side of the M load 
contact that already has a number | on one side and on one side of the over- 
load heater (Figure Exp. 2-6). Number 5 is placed on the other side of the M 
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Figure Exp. 2-4 A number 2 is placed beside each component connected to L2. 
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Figure Exp. 2-5 A number 3 is placed beside each component connected to L3. 
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Figure Exp. 2-6 The number changes each time you proceed across a component. 


load contact, which has one side numbered with a 2, and a 5 will be placed beside 
the second overload heater. The other side of the M load contact that has been 
numbered with a 3 will be numbered with a 6, and one side of the third overload 
heater will be labeled with a 6. Numbers 7, 8, and 9 are placed between the other 
side of the overload heaters and the motor T leads. 

The number 10 will begin at one side of the control transformer secondary and 
go to one side of the normally closed STOP push button. Because the fuse is generally 
part of the control transformer, connection will begin after the fuse. The number 11 
is placed on the other side of the STOP button and on one side of the normally open 
START push button and normally open M auxiliary contact. A number 12 is placed 
on the other side of the START button and M auxiliary contact, and on one side 
of M coil. Number 13 is placed on the other side of the coil to one side of the nor- 
mally closed overload contact. Number 14 is placed on the other side of the normally 
closed overload contact and on the other side of the control transformer secondary 
winding (Figure Exp. 2-7). 
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3 


Numbering the Components 


Now that the components on the schematic have been numbered, the next step is to 
place the same numbers on the corresponding components of the wiring diagram. 
The schematic diagram in Figure Exp. 2—7 shows that the number | has been placed 
beside L1, the control transformer, and on one side of a load contact on M starter 
(Figure Exp. 2-8). The number 2 is placed beside L2 and the second load contact on 
M starter (Figure Exp. 2-9). The number 3 is placed beside L3, the third load contact 
on M starter, and the other side of the primary winding on the control transformer. 
Numbers 4, 5, 6, 7, 8, and 9 are placed beside the components that correspond to 
those on the schematic diagram (Figure Exp. 2-10). Note on connection points 4, 
5, and 6 from the output of the load contacts to the overload heaters, that these 
connections are factory made on a motor starter and do not have to be made in the 
field. These connections are not shown in the diagram for the sake of simplicity. If a 
separate contactor and overload relay are being used, however, these connections will 
have to be made. Recall that a contactor is a relay that contains /oad contacts and may 
or may not contain auxiliary contacts. A motor starter is a contactor and overload 
relay combined. 


CONTROL 
TRANSFORMER 





Figure Exp. 2-7 Numbers are placed beside all components. 
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Figure Exp. 2-8 The number 1 is placed beside L1, the control transformer, and M load contact. 
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Figure Exp. 2-9 The number 2 is placed beside L2 and the second load contact on M starter. 
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Figure Exp. 2-10 Placing numbers 3, 4, 5, 6, 7, 8, and 9 beside the proper components. 


The number 10 starts at the fuse on the secondary winding of the control trans- 
former and goes to one side of the normally closed STOP push button. When making 
this connection, care must be taken to make certain that connection is made to the 
normally closed side of the push button. Since this is a double-acting push button, it 
contains both normally closed and normally open contacts (Figure Exp. 2-11). 

The number 11 starts at the other side of the normally closed STOP button and 
goes to one side of the normally open START push button and to one side of a nor- 
mally open M auxiliary contact (Figure Exp. 2—12). The starter in this example shows 
three auxiliary contacts: two normally open and one normally closed. It makes no 
difference which normally open contact is used. 

This same procedure is followed until all circuit components have been numbered 
with the number that corresponds to the same component on the schematic diagram 
(Figure Exp. 2—13). 
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Figure Exp. 2-11 Wire number 10 connects from the transformer secondary to the STOP button. 
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Figure Exp. 2-12 Number 11 connects to the STOP button, START button, and holding contact. 
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Figure Exp. 2-13 All components have been numbered. 


Connecting the Wires 


Now that numbers have been placed beside the components, wiring the circuit 
becomes a matter of connecting numbers. Connect all components labeled with a 
number | together (Figure Exp. 2-14). All components numbered with a 2 are con- 
nected together (Figure Exp. 2-15). All components numbered with a 3 are connected 
together (Figure Exp. 2-16). This procedure is followed until all the numbered com- 
ponents are connected together, with the exception of 4, 5, and 6, which are assumed 
to be factory connected (Figure Exp. 2-17). 


Connecting a START-STOP Push Button Control Circuit 


To connect the control circuit, follow the same procedure that was used to develop the 
wiring diagram. Use the schematic diagram shown in Figure Exp. 2~7. It is sometimes 
helpful to use a highlighter to mark the diagram as connections are made. 
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Figure Exp. 2-14 Connecting all the number 1s together. 
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Figure Exp. 2-15 Connecting all the number 2s together. 
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Figure Exp. 2-16 Connecting all the number 3s together. 
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Figure Exp. 2-17 The circuit is wired by connecting all like numbered components together. 
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1. Connect all components that are labeled with a number 1. Make certain 
to connect to a /Joad contact on the starter or contactor. 


2. Connect all components labeled with a number 2. Again make sure to 
connect to a load contact on the starter or contactor. 


. Connect all components labeled with a 3. 


4. Wire connections 4, 5, and 6 may or may not have to be made depending on 
whether you are using a starter or a contactor and separate overload relay. 


Ey! aes ee at 


5. Wires 7, 8, and 9 connect from the output of the heaters on the overload 
relays to the motorT leads. Your circuit may contain a single three phase 
overload relay or three separate overload relays if you are using a con- 
tactor and separate overload relays. 


(_} 6. Wire number 10 connects from the secondary winding of the control 
transformer to one side of the normally closed push button used for the 
STOP button. If using a double-acting push button, make certain to con- 
nect to the closed side. 


a 7. Wire number 11 connects from the other side of the normally closed push 
button to the normally open push button used for the START button. If a 
double-acting push-button is being used, make certain to connect to the 
open side. Wire number 11 also connects to a normally open auxiliary 
contact on M starter. Auxiliary contacts are smaller than the load contacts 
and are used as part of the control circuit. Make certain to connect to one 
side of an open contact. 


J 8. Wire number 12 connects from the other side of the normally open 
START button to the other side of the normally open auxiliary contact 
and to one side of the coil on M starter. 


[_} 9. Wire number 13 connects from the other side of the coil on M starter to 
one side of the normally open contact located on the overload relay. If 
a three phase motor starter is being used, or if a separate three phase 
overload relay is being used, there will be only one overload contact. 
Note the number of contacts on the overload relay. Some overload 
relays contain both normally open and normally closed contacts, and 
some do not. Make certain that connection is made to the normally 
closed contact if the relay contains more than one contact. If three 
separate single phase overload relays are being used, each overload 
relay contains an overload contact. These three contacts will have to be 
connected in series so that if one opens, the circuit will be broken. 


(_} 10. Wire number 14 connects from the other side of the normally closed 
overload contact to the other side of the secondary winding on the con- 
trol transformer. 


11. Check with your instructor before turning on the power. 
L) 12. Test the circuit for proper operation. 


13. If the circuit works properly, turn off the power and disconnect the 
circuit. Return the wires and components to their proper place. 
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Mii/Review Questions 


1. Refer to the circuit shown in Figure Exp. 2-7. If wire number 11 were 
disconnected at the normally open auxiliary M contact, how would the circuit 
operate? 


2. Assume that when the START button is pressed, M starter does not 
energize. List seven possible causes for this problem. 


k 


SSS Jt ee a Re 


3. Explain the difference between a motor starter and a contactor. 


4. Refer to the schematic in Figure Exp. 2-7, Assume that when the START 
button is pressed, the control transformer fuse blows. What is the most 
likely cause of this trouble? 


5. Explain the difference between load and auxiliary contacts. 
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Materials Needed 
* Three phase power supply 
* Three phase squirrel cage induction motor or simulated load 
* Four double-acting push buttons (NO/NC on same button) 


¢ Three phase motor starter or contactor with overload relay containing 
three load contacts and at least one normally open auxiliary contact 


* Control transformer 


There may be times when it is desirable to have more than one START-STOP 
push button station to control a motor. In this exercise, the basic START— 
STOP push button control circuit discussed in Exercise 1 will be modified to 
include a second STOP and START push button station. 

When a component is used to perform the function of stop in a control 
circuit, it will generally be a normally closed component and be connected in 
series with the motor starter coil. In this example, a second STOP push but- 
ton is to be added to an existing START-STOP control circuit. The second 
push button will be added to the control circuit by connecting it in series with 
the existing STOP push button (Figure Exp. 3-1). 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Place wire numbers ona 
schematic diagram. 


>> Place corresponding numbers 
on control components. 


>> Draw a wiring diagram from 
a schematic diagram. 


>> Connect a control circuit 
using two STOP and two START 
push buttons. 
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Figure Exp. 3-1 Adding a STOP button to the circuit. 


When a component is used to perform the function of start, it is generally 
normally open and connected in parallel with the existing START button (Figure 
Exp. 3—2). If either START button is pressed, a circuit is completed to M coil. When 
M coil energizes, all M contacts change position. The three load contacts connected 
between the three phase power line and the motor close to connect the motor to the 
line. The normally open auxiliary contact connected in parallel with the two START 
buttons closes to maintain the circuit to M coil when the START button is released. 


Developing the Wiring Diagram 


Now that the circuit logic has been developed in the form of a schematic diagram, 
a wiring diagram will be drawn from the schematic. The components needed to 
connect this circuit are shown in Figure Exp. 3—3. Following the same procedure 
discussed in Exercise 1, wire numbers will be placed on the schematic diagram 
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Figure Exp. 3-2 A second START button is added to the circuit. 


(Figure Exp. 3-4). After wire numbers are placed on the schematic, corresponding 
numbers will be placed on the control components (Figure Exp. 3-5). 


Connecting the Circuit 


L) 1. Using the schematic in Figure Exp. 3-4 or the diagram with numbered 
components in Figure Exp. 3-5, connect the circuit in the laboratory by 
connecting all like numbers together. 


L) 2. After the circuit has been connected, check with your instructor before 
turning on the power. 


L) 3. Turn on the power and test the circuit for proper operation. 


L) 4. If the circuit operates properly, turn off the power and disconnect the 
circuit. Return all components to their proper place. 
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Figure Exp. 3-3 Components needed to produce a wiring diagram. 
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Figure Exp. 3-4 Numbering the schematic diagram. 
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Figure Exp. 3-5 Numbering the components. 


ii/Review Questions 


1. When a component is to be used for the function of start, is the component 
generally normally open or normally closed? 


2. When a component is to be used for the function of stop, is the component 
generally normally open or normally closed? 


3. The two STOP push buttons in Figure Exp. 3-2 are connected in series 
with each other. What would be the action of the circuit if they were to be 
connected in parallel as shown in Figure Exp. 3-6? 


4. What would be the action of the circuit if both START buttons were to be 
connected in series as shown in Figure Exp. 3-7? 


5. Following the procedure discussed in Exercise 1, place wire numbers on the 
schematic in Figure Exp. 3-7 Place corresponding wire numbers on the com- 
ponents shown in Figure Exp. 3-8. 
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Figure Exp. 3-6 The STOP buttons have been connected in parallel. 
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Figure Exp. 3-7 The START buttons are connected in series. 
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Figure Exp. 3-8 Add wire numbers to these components. 
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Materials Needed 
* Three phase power supply 
* Control transformer 
* One of the following: 
1. A three phase reversing starter 


2. Two three phase contactors with at least one normally open and 
one normally closed auxiliary contact on each contactor; one three 
phase overload relay or three single phase overload relays 


¢ Three phase squirrel cage motor or simulated motor load 


Three double-acting push buttons (NO/NC on each button) 


The direction of rotation of any three phase motor can be reversed by chang- 
ing any two motor T leads. Because the motor is connected to the power 
line regardless of which direction it operates, a separate contactor is needed 
for each direction. Only one overload relay is needed, however, because the 
motor can operate in only one direction at a time. True reversing controllers 
contain two separate contactors and one overload relay built into one unit. 
Refer to Figures 9-3 and 9-4. 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Discuss cautions that must 
be observed in reversing 
circuits. 


>> Explain how to reverse a 
three phase motor. 


>> Discuss interlocking 
methods. 


>> Connect a forward-reverse 
motor control circuit. 
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Interlocking 


Interlocking prevents one action from taking place until another action has been per- 
formed. In the case of reversing starters, interlocking is used to prevent both contac- 
tors from being energized at the same time. Energizing both contactors would result 
in two of the three phase lines being shorted together. Interlocking forces one contac- 
tor to be de-energized before the other one can be energized. 

Most reversing controllers contain mechanical interlocks as well as electrical in- 
terlocks. Mechanical interlocking is accomplished by using the contactors to oper- 
ate a mechanical lever that prevents one contactor from closing while the other is 
energized. 

Electrical interlocking is accomplished by connecting the normally closed 
auxiliary contacts on one contactor in series with the coil of the other contac- 
tor (Figure Exp. 4-1). Assume that the forward push button is pressed and F coil 
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Figure Exp. 4—1 Forward-reverse control with interlock. 
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energizes. This causes all F contacts to change position. The three F load contacts 
close and connect the motor to the line. The normally open F auxiliary contact closes 
to maintain the circuit when the forward push button is released, and the normally 
closed F auxiliary contact connected in series with R coil opens (Figure Exp. 4-2). 
(Note: Figure Exp. 4-2 illustrates the circuit as it is when the forward starter has been 
energized.) 

If the opposite direction of rotation is desired, the STOP button must be pressed 
first. If the reverse push button were to be pressed first, the now open F auxiliary 
contact connected in series with R coil would prevent a complete circuit from being 
established. Once the STOP button has been pressed, however, F coil de-energizes 
and all F contacts return to their normal position. The reverse push button can now 
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Figure Exp. 4-2 Motor operating in the forward direction. 
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be pressed to energize R coil (Figure Exp. 4-3). When R coil energizes, all R contacts 
change position. The three R load contacts close and connect the motor to the line. 
Notice, however, that two of the motor T leads are connected to different lines. The 
normally closed R auxiliary contact opens to prevent the possibility of F coil being 
energized until R coil is de-energized. 
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Figure Exp. 4-3 Motor operating in the reverse direction. 
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Developing a Wiring Diagram 


The same basic procedure is used to develop a wiring diagram from the schematic as 
was followed in the previous exercises. The components needed to construct this cir- 
cuit are shown in Figure Exp. 44. In this example it is assumed that two contactors 
and a separate three phase overload relay will be used. 

The first step is to place wire numbers on the schematic diagram. A suggested 
numbering sequence is shown in Figure Exp. 4—5. The next step is to place the 
wire numbers beside the corresponding components of the wiring diagram (Figure 
Exp. 4-6). 
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Figure Exp. 4—4 Components needed to construct a reversing control circuit. 
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Figure Exp. 4-5 Placing wire numbers on the schematic. 
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Figure Exp. 4-6 Placing corresponding wire numbers on the components. 
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Wiring the Circuit 


U) 


Be ee 


1. Using the components listed at the beginning of this unit, connect a 
forward-reverse control circuit with interlocks. Connect the control 
section of the circuit before connecting the load section. This connec- 
tion will permit the control circuit to be tested without the possibility of 
shorting two to three phase lines together. 


2. Turn on the power and test the control section of the circuit for proper 
operation. 


3. Turn off the power and complete the wiring by connecting the load 
portion of the circuit. 


4. Ask your instructor to check the circuit for proper connection. 
5. Turn on the power and test the circuit for proper operation. 


6. Turn off the power and disconnect the circuit. Return the components 
to their proper place. 


Mii/Review Questions 


1. 


How can the direction of rotation of a three phase motor be changed? 


2. What is interlocking? 


. Referring to the schematic shown in Figure Exp. 4-1, how would the circuit 


operate if the normally closed R contact connected in series with F coil were 
to be connected normally open? 


. What would be the danger, if any, if the circuit were to be wired as stated in 


question 3? 


. How would the circuit operate if the normally closed auxiliary contacts were 


to be connected so that F contact was connected in series with F coil, and R 
contact was connected in series with R coil (Figure Exp. 4—7) ? 


. Assume that the circuit shown in Figure Exp. 4-1 were to be connected as 


shown in Figure Exp. 4-8. In what way would the operation of the circuit be 
different, if at all? 
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Figure Exp. 4-7 F and R normally closed auxiliary contacts are connected incorrectly. 
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Figure Exp. 4-8 The position of the holding contacts has been changed. 
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Materials Needed 
* Three phase power supply 
* Control transformer 


¢ Three motor starters containing at least three load contacts and two 
normally open auxiliary contacts 


¢ Three squirrel cage motors or three simulated motor loads 


¢ Four double-acting push buttons (NO/NC on each button) 


Sequence control forces a circuit to operate in a predetermined manner. In 
this exercise, three motors are to be started in sequence from motor | to 3. 
The requirements for the circuit are as follows: 


L) 1. The motors must start in sequence from 1 to 3. For example, 
motor 1 must be started before motor 2 can be started, and 
motor 2 must start before motor 3 can be started. Motor 2 
cannot start before motor 1, and motor 3 cannot start before 
motor 2. 


L) 2. Each motor is started by a separate push button. 
| 3. One STOP button will stop all motors. 
(_} 4. An overload on any motor will stop all three motors. 


As a general rule, there is more than one way to design a circuit that will 
meet the specified requirements, just as there is generally more than one road 
that can be taken to reach a destination. One design that will meet the re- 
quirements is shown in Figure Exp. 5—1. Because the logic of the circuit is of 
primary interest, the load contacts and motors are not shown. In this circuit, 
push button | must be pressed before power can be provided to push button 
2. When motor starter 1 energizes, the normally open auxiliary contact 1M 
closes providing power to coil 1M and to push button 2. Motor starter 2 can 
now be started by pressing push button 2. Once motor starter 2 energizes, 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Define sequence control. 


>> Discuss methods of obtain- 
ing sequence control. 


>> Connect a control circuit 
for three motors that must be 
started in a predetermined 
sequence. 
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Figure Exp. 5-1 First example of starting three motors in sequence. 


auxiliary contact 2M closes and provides power to coil 2M and push button 3. If the 
STOP button should be pressed or any overload contact opens, power is interrupted 
to all starters. 


A Second Circuit for Sequence Control 


A second method of providing sequence control is shown in Figure Exp. 5—2. In this 
circuit, normally open auxiliary contacts located on motor starters 1M and 2M are 
used to ensure that the three motors start in the proper sequence. A normally open 
1M auxiliary contact connected in series with starter coil 2M prevents motor 2 from 
starting before motor 1, and a normally open 2M auxiliary contact connected in 
series with coil 3M prevents motor 3 from starting before motor 2. If the STOP but- 
ton should be pressed or if any overload contact should open, power is interrupted to 
all starters. 
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Figure Exp. 5-2 A second circuit for sequence control. 


Developing a Wiring Diagram 


The schematic shown in Figure Exp. 5—2 is shown with the motors in Figure 
Exp. 5-3. A drawing of the components needed to connect this circuit is shown in 
Figure Exp. 5-4. The schematic diagram shown in Figure Exp. 5—3 is shown with 
wire numbers in Figure Exp. 5—5. The components with corresponding wire num- 
bers are shown in Figure Exp. 5—6 (on page 533). 


Connecting the Circuit 


L) 1. Using the materials listed at the beginning of this exercise, connect the 
circuit shown in Figure Exp. 5-5. Follow the number sequence shown. 
After connection has been made, ask your instructor to check the circuit 
for proper connection. 
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Figure Exp. 5-3 Sequence control with motors. 
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Figure Exp. 5-4 Components needed to connect the circuit. 
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Figure Exp. 5-5 Numbering the schematic. 
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Figure Exp. 5-6 Numbering the components. 
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2. Turn on the power and test the circuit for proper operation. 
3. Turn off the power and disconnect the circuit. 


4. Using the schematic diagram shown in Figure Exp. 5-1, add wire 
numbers to the schematic. 


5. Place these wire numbers beside the proper components shown in 
Figure Exp. 5-4. 


6. Connect the circuit shown in Figure Exp. 5-1 by following the wire num- 
bers placed on the schematic. 


7. After your instructor has checked the circuit for proper connection, turn 
on the power and test the circuit for proper operation. 


8. Turn off the power and disconnect the circuit. Return the components 
to their proper place. 


Mii/Review Questions 


1. 


iz 


What is the purpose of sequence control? 


Refer to the schematic diagram in Figure Exp. 5-5. Assume that the 1M con- 
tact located between wire numbers 29 and 30 had been connected normally 
closed instead of normally open. How would this circuit operate? 


. Assume that all three motors shown in Figure Exp. 5-5 are running. Now 


assume that the STOP button is pressed and motors 1 and 2 stop running, 

but motor 3 continues to operate. Which of the following could cause this 

problem? 

a. STOP button is shorted. 

b. 2M contact between wire numbers 31 and 32 is hung closed. 

c. The 3M load contacts are welded shut. 

d. The normally open 3M contact between wire numbers 23 and 31 is hung 
closed. 


. Referring to Figure Exp. 5-5, assume that the normally open 2M contact 


located between wire numbers 23 and 29 is welded closed. Also assume 

that none of the motors are running. What would happen if: 

a. The number 2 push button were to be pressed before the number 1 push 
button? 

b. The number 1 push button were to be pressed first? 


. In the control circuit shown in Figure Exp. 5—2, if an overload occurs on 


any motor, all three motors will stop running. In the space provided in 
Figure Exp. 5-7, redesign the circuit so that the motors must still start in 
sequence from 1 to 3, but an overload on any motor will stop only that 
motor. If an overload should occur on motor 1, for example, motors 2 and 3 
would continue to operate. 
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Figure Exp. 5—7 Circuit redesign. 
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Materials Needed 
* Three phase power supply 
¢ Three phase motor starter 
* One three phase motor or equivalent motor load 
* Three double-acting push buttons. (NO/NC on each button) 
* One 8 pin tube socket 
* One 8 pin control relay 
* One single pole switch 


* Control transformer 


Jogging or inching control is used to help position objects by permitting the 
motor to be momentarily connected to power. Jogging and inching are very 
similar and the terms are often used synonymously. Both involve starting a 
motor with short jabs of power. The difference between jogging and inching 
is that when a motor is jogged, it is started with short jabs of power at full 
voltage. When a motor is inched, it is started with short jabs at reduced power. 
Inching circuits require the use of two contactors, one to run the motor at full 
power and the other to start the motor at reduced power (Figure Exp. 6-1). 
The run contactor is generally a motor starter that contains an overload relay 
while the inching contactor does not. In the circuit shown in Figure Exp. 6-1, 
if the inch push button is pressed, a circuit is completed to S contactor coil, 
causing all S contacts to close. This connects the motor to the line through a 
set of series resistors used to reduce power to the motor. Note that there is 


Objectives 


After studying this exercise 
the student should be 
able to: 


>> Describe the difference 
between inching and jogging 
circuits. 


>> Discuss different jogging 
control circuits. 


>> Draw a schematic diagram 
of a jogging circuit. 

>> Discuss the connection of an 
8 pin control relay. 


>> Connect a jogging circuit 
in the laboratory using 
double-acting push buttons. 


>> Connect a jogging circuit in 
the laboratory using an 8 pin 
control relay. 
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Figure Exp. 6-1 Inching control circuit. 
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no S holding contact in parallel with the inch push button. When the push button is 
released, S contactor de-energizes and all S contacts reopen and disconnect the motor 
from the power line. If the run push button is pressed, M contactor energizes and con- 
nects the motor directly to the power line. Note the normally open M auxiliary contact 
is connected in parallel with the run push button to maintain the circuit when the but- 
ton is released. 


Other Jogging Circuits 


Like most control circuits, jog circuits can be connected in different ways. One method 
is shown in Figure Exp. 6-2. In this circuit, a simple single pole switch is inserted 
in series with the normally open M auxiliary contact connected in parallel with the 
START button. When the switch is open, it is in the jog position and prevents M hold- 
ing contact from providing a complete path to M coil. When the START button is 
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Figure Exp. 6-2 Run-jog control using a single pole switch. 
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pushed, M coil energizes and connects the motor to the power line. When the START 
button is released, M coil de-energizes and disconnects the motor from the line. If the 
switch is closed, it is in the run position and permits the holding contact to complete a 
circuit around the START button. 

Another method of constructing a run-jog control is shown in Figure Exp. 6-3. 
This circuit employs a double-acting push button as the jog button. The normally 
closed section of the jog push button is connected in series with the normally open M 
auxiliary holding contact. If the jog button is pressed, the normally closed section of 
the button opens to disconnect the holding contacts before the normally open section 
of the button closes. Although M auxiliary contact closes when M coil energizes, the 
now open jog button prevents it from completing a circuit to the coil. When the jog 
button is released, the normally open section reopens and breaks contact before the 
normally closed section can reclose. 

Although a double-acting push button can be used to construct a run-jog circuit, 
it is not generally done because there is a possibility that the normally closed section 
of the jog button could be reclosed before the normally open section reopens. This 
could cause the holding contacts to lock the circuit in the run position, causing an 
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Figure Exp. 6-3 Jogging control using a double-acting push button. 
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accident. To prevent this possibility, a control relay is often employed (Figure Exp. 
6-4). In the circuit shown in Figure Exp. 6-4, if the jog push button is pressed, M con- 
tactor energizes and connects the motor to the line. When the jog button is released, 
M coil de-energizes and disconnects the motor from the line. 

When the run push button is pressed, CR relay energizes and closes both CR con- 
tacts. The CR contacts connected in parallel with the run button close to maintain the 
circuit to CR coil, and the CR contacts connected in parallel with the jog button close 
and complete a circuit to M coil. 


Connecting Jogging Circuits 


In this exercise, four different jog circuits will be connected in the laboratory. Three 
of these circuit are illustrated in Figures Exp. 6-2, 6-3, and 6-4. You will design the 
fourth circuit in accord with given circuit parameters. 
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Figure Exp. 64 Run-jog control using a control relay. 
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Connecting Circuit 1 


L) 1. Refer to the schematic diagram in Figure Exp. 6-2. Place wire numbers 
beside the components following the procedure discussed in previous 
exercises. 


L) 2. Using the components shown in Figure Exp. 6-5, place corresponding 
wire numbers beside the components. 


LU 


. Connect the circuit by following the wire numbers in the schematic 
diagram in Figure Exp. 6-2. 


L) 4. After your instructor has checked the circuit for proper connection, turn 
on the power and test the circuit for proper operation. The motor should 
jog when the switch is open and run when the switch is closed. 


(_] 5. Turn off the power and disconnect the circuit. 
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Figure Exp. 6-5 Components needed to connect circuit 1. 


Copstight 2017 Cengage Learning. All Rights Reserved. May nat be copied scanned, or duplivated, in whole or in part Duc te cloctroniy rights, some third party content may be suppressed from the cBook andéa eChapteifs}. 
Editerial reviow has deemed that any suppressed vontont docs not materially affect theoverall learningexporicnee. Cengage Learning eserves the rightte remove additional contant at any time if subsaquent rights restrictions roquire it. 


Exercise 6 Jogging Controls @ 543 


Connecting the Second Run-Jog Circuit 


L) 6. Using the schematic shown in Figure Exp. 6-3, place wire numbers 
beside the components. 


L) 7. Place corresponding wire numbers beside the components shown in 
Figure Exp. 6-6. 


L) 8. Connect the circuit using the schematic diagram in Figure Exp. 6-3. 


L) 9. After your instructor has checked the circuit for proper connection, turn 
on the power and test the circuit for proper operation. 


(_} 10. Turn off the power and disconnect the circuit. 
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Figure Exp. 6-6 Components needed to connect the second run-jog circuit. 
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Connecting the Third Run-Jog Circuit 


The third run-jog circuit involves the use of a control relay. In this circuit, an 8 pin 
control relay will be used. Eight pin relays are designed to fit into an 8 pin tube socket; 
therefore, the socket is the device to which connection is made, not the relay itself. 
Eight pin relays commonly have coils with different voltage ratings such as 12 VDC, 
24 VDC, 24 VAC, and 120 VAC, so make certain that the coil of the relay you use is 
rated for the circuit control voltage. Most 8 pin relays contain two single pole, double 
throw contacts. A diagram showing the standard pin connection for 8 pin relays with 
two sets of contacts is shown in Figure Exp. 6-7. 


Connecting the Tube Socket 


When making connections to tube sockets, it is generally helpful to place the proper 
relay pin numbers beside the component on the schematic diagram. To distinguish 
pin numbers from wire numbers, pin numbers will be circled. The schematic in 
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Figure Exp. 6-7 Pin diagram of an 8 pin relay. 


Copstight 2017 Cengage Learning. All Rights Reserved. May nat be copied scanned, or duplivated, in whole or in part Duc te cloctroniy rights, some third party content may be suppressed from the cBook andéar eChapteifs). 
Editerial revicw has deemed that any suppressed vontont docs net materially affect theoverall learningexporicnce. Cengage Learning eserves the rightte remove additional contant at any time if subsaquent rights restrictions require it. 


Exercise 6 Jogging Controls @ 545 


Figure Exp. 6-4 is shown in Figure Exp. 6-8 with the addition of relay pin numbers. 
The connection diagram in Figure Exp. 6—7 shows that the relay coil is connected to 
pins 2 and 7. Note that CR relay coil in Figure Exp. 6-8 has a circled 2 and 7 placed 
beside it. 

The connection diagram also indicates that the relay contains two sets of normally 
open contacts. One set is connected to pins | and 3, and the other set is connected 
to pins 8 and 6. Note in the schematic of Figure Exp. 6—8 that one of the nor- 
mally open CR contacts has the circled numbers | and 3 beside it and the other 
normally open CR contact has the circled numbers 8 and 6 beside it. 
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Figure Exp. 6-8 Adding pin numbers aids in connecting the circuit. 
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L) 11. Using the drawing in Figure Exp. 6-8, place wire numbers on the 
schematic. 


LJ 12. Using the wire numbers placed on the schematic diagram in 
Figure Exp. 6-8, place corresponding wire numbers beside the proper 
components shown in Figure Exp. 6-9. 


L) 13. Connect the circuit shown in Figure Exp. 6-8. 
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Figure Exp. 6-9 Components needed to connect circuit 3. 
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L) 14. After your instructor has checked the circuit for proper connection, turn 
on the power and test the circuit for proper operation. 


(_} 15. Turn off the power and disconnect the circuit. 


Mii/Review Questions 


1. Explain the difference between inching and jogging. 
2. What is the main purpose of jogging? 


3. Refer to the circuit shown in Figure Exp. 6-10. In this circuit, the jog button 
has been connected incorrectly. The normally closed section has been 
connected in parallel with the run push button and the normally open 
section has been connected in series with the holding contacts. Explain how 
this circuit operates. 


4. Refer to the circuit shown in Figure Exp. 6-11. In this circuit the jog push but- 
ton has again been connected incorrectly. The normally closed section of the 
button has been connected in series with the normally open run push button 
and the normally open section of the jog button is connected in 
parallel with the holding contacts. Explain how this circuit operates. 
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Figure Exp. 6-10 The jog button is connected incorrectly. 
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Figure Exp. 6-11 Another incorrect connection for the jog button. 


5. In the space provided in Figure Exp. 6-12, design a run-jog circuit to the 

following specifications. 

a. The circuit contains two push buttons—a normally closed STOP button and 
a normally open START button. 

b. When the START button is pressed, the motor will run normally. When the 
STOP button is pressed, the motor will stop. 

c. If the STOP button is manually held in, however, the motor can be jogged 
by pressing the START button. 

d. The circuit contains a control transformer, motor, and three phase motor 
starter with at least one normally open auxiliary contact. 


6. After your instructor has approved the new circuit design, connect the circuit 
in the laboratory. 


7. Turn on the power and test the circuit for proper operation. 


8. Turn off the power and disconnect the circuit. Return the components to 
their proper place. 
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Figure Exp. 6-12 Circuit design. 
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Materials Needed 
* Three phase power supply 
* Control transformer 
* Two double-acting push buttons (NO/NC on each button) 


* 2 ea.—three phase motor starter with at least one normally open 
auxiliary contact 


* Dayton solid-state timer-(model 6A855 or equivalent) and 11 pin socket 
¢ 8 pin control relay and 8 pin socket 


* 2 ea.—three phase motors or equivalent motor loads 


Timers can be divided into two basic types: on delay and off delay. Although 
there are other types such as one shot and interval, they are basically on- or 
off-delay timers. In this unit, the operation of on-delay timers will be dis- 
cussed. The operating sequence of an on-delay timer is as follows. 

When the coil is energized, the timed contacts will delay changing posi- 
tion for some period of time. When the coil is de-energized, the timed contacts 
will return to their normal position immediately. In this explanation, the word 
timed contacts is used. The reason is that some timers contain both timed 
and instantaneous contacts. When using a timer of this type care must be 
taken to connect to the proper set of contacts. 


Timed Contacts 


The timed contacts are controlled by the action of the timer, while the 
instantaneous contacts operate like any standard set of contacts on a control 
relay; when the coil energizes, the contacts change position immediately 
and when the coil de-energizes they change back to their normal position 
immediately. 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Discuss the operation of an 
on-delay timer. 


>> Draw the NEMA contact 
symbols used to represent both 
normally open and normally 
closed on-delay contacts. 


>> Discuss the difference in 
operation between pneumatic 
and electronic timers. 


>> Connect a circuit in the 
laboratory employing an 
on-delay timer. 
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Figure Exp. 7-1 NEMA standard symbols for on-delay contacts. Figure Exp. 7-2 Instantaneous contact symbols. 


The standard NEMA symbols used to represent on-delay contacts are shown in 
Figure Exp. 7-1. The arrow points in the direction the contact moves after the delay 
period. The normally open contact, for example, closes after the time delay period, 
and the normally closed contact opens after the time delay period. 


Instantaneous Contacts 


Instantaneous contacts are drawn in the same manner as standard relay contacts. 
Figure Exp. 7—2 illustrates a set of instantaneous contacts controlled by timer TR. 
The instantaneous contacts are often used as holding or sealing contacts in a con- 
trol circuit. The control circuit shown in Figure Exp. 7—3 illustrates an on-delay timer 
used to delay the starting of a motor. When the START push button is pressed, TR 
coil energizes and the normally open instantaneous TR contacts close immediately to 
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Figure Exp. 7-3 The motor starts after the START button is pressed. 
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hold the circuit. After the preset time period, the normally open TR timed contacts 
close and energize the coil of M starter, which connects the motor to the line. 

When the STOP button is pressed and TR coil de-energizes, both TR contacts 
return to their normal position immediately. This de-energizes M coil and disconnects 
the motor from the line. 


Control Relays Used with Timers 


Not all timers contain instantaneous contacts. Most electronic timers, for example, 
do not. When an instantaneous contact is needed and the timer does not have one 
available, it is common practice to connect the coil of a control relay in parallel with 
the coil of the timer (Figure Exp. 7-4). In this way, the electronic timer will operate 
with the control relay. In the circuit shown in Figure Exp. 7-4, both coils TR and CR 
energize when the START button is pressed. This causes CR contact to close and seal 
the circuit. 


The First Circuit 


The first circuit to be connected is shown in Figure Exp. 7-4. In this circuit, it will be 
assumed that an 11 pin timer is being used and that the coil is connected to pins 2 and 
10, and a set of normally open timed contacts are connected to pins | and 3. The coil 
of the 8 pin control relay is connected to pins 2 and 7, and a normally open contact is 
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Figure Exp. 7-4 A control relay furnishes the instantaneous contact. 
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connected to pins | and 3. When using control devices that are connected with 8 and 
11 pin sockets, it is generally helpful to place pin numbers beside the component. To 
prevent pin numbers from being confused with wire numbers, a circle will be drawn 
around the pin numbers (Figure Exp. 7-5). The pin diagram for the Dayton model 
6A855 timer is also shown on this schematic. 
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umbers beside the components. 
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Connecting Circuit 1 


B 1. Using the circuit shown in Figure Exp. 7-5, place wire numbers beside 
the components. 


L) 2. Connect the control part of the circuit by following the wire numbers 
placed beside the components. Note the pin numbers beside the coils 
and contacts of the timer and control relay. When connecting the timer 
and control relay, make connection to the 8 and 11 pin tube sockets. 


OU 


. Plug the timer and control relay into their appropriate sockets. Set the 
timer to operate as an on-delay timer and set the time period for 5 
seconds. 


4. Turn on the power and test the operation of the circuit. 
5. Turn off the power. 


. If the control part of the circuit operated correctly, connect the motor or 
equivalent motor load. 


7. Turn on the power and test the total circuit for proper operation. 


DL. Db! 2 


8. Turn off the power and disconnect the circuit. 


Discussing Circuit 2 


In the next circuit, two motors are to be started with a 5-second time delay between 
the starting of the first motor and the second motor. In this circuit, a normally open 
auxiliary contact on starter 1M is used as the holding contact, making the use of the 
control relay unnecessary. 

When the START button is pressed, coils 1M and TR energize immediately. This 
causes motor | to start operating and timer TR to begin timing. After 5 seconds, TR 
contacts close and connect motor 2 to the line. When the STOP button is pressed, or 
if an overload on either motor should occur, all coils will be de-energized and both 
motors will stop. 


Connecting Circuit 2 


1. Using the circuit shown in Figure Exp. 7-6, place pin numbers beside 
the timer coil and normally open contact. 


. Place wire numbers on the circuit in Figure Exp. 7-6. 
. Connect the control part of the circuit. 
. Turn on the power and test it for proper operation. 


. Turn off the power. 


ao oo FP W HN 


. If the control part of the circuit operated properly, connect the motors or 
equivalent motor loads. 


7. Turn on the power and test the circuit for proper operation. 


8. Turn off the power and disconnect the circuit. 


Ue Pope 
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Figure Exp. 7-6 Motor 2 starts after motor 1. 
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fiiReview Questions 


1. Explain the operation of an on-delay timer. 
2. Explain the difference between timed contacts and instantaneous contacts. 


3. Refer to the circuit shown in Figure Exp. 7-3. If the timer has been set for a 
10-second delay, explain the operation of the circuit when the START button 
is pressed. 


4. In the circuit shown in Figure Exp. 7-3, is it necessary to hold the START 
button closed for a period of at least 10 seconds to ensure that the circuit 
will remain energized? Explain your answer. 


5. Assume that the timer in Figure Exp. 7-3 is set for a delay of 10 seconds. 
Now assume that the START button is pressed, and after an 8-second delay 
the STOP button is pressed. Will the motor start 2 seconds after the STOP 
button was pressed? 


6. What is generally done to compensate when a set of instantaneous timer 
contacts are needed and the timer does not contain them? 


7. Refer to the circuit shown in Figure Exp. 7-6. Assume that it is necessary 
to stop the operation of both motors after the second motor has been 
operating for a period of 10 seconds. Using the space provided in Figure Exp. 
7-7, redraw the circuit to turn off both motors after the second motor has 
been in operation for 10 seconds. (Note: It will be necessary to use a second 
timer.) 


8. After your instructor has approved the design change, connect the new 
circuit in the laboratory and test it for proper operation. 
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Figure Exp. 7—7 Circuit redesign. 
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Exercise 8 





Materials Needed 
* Three phase power supply 
* Control transformer 
¢ Two double-acting push buttons (NO/NC on each button) 


* 2 ea.—Three phase motor starter with at least one normally open auxil- 
iary contact 


¢ Dayton solid-state ttmer—MODEL 6A855 or equivalent 
¢ An I1 pin control relay and two 11 pin sockets 


¢ 2 ea.—Three phase motors or equivalent motor loads 


The logic of an off-delay timer is as follows: When the coil is energized, the 
timed contacts change position immediately. When the coil is de-energized the 
timed contacts remain in their energized position for some period before chang- 
ing back to their normal position. Figure Exp. 8—1 shows the standard NEMA 
contact symbols used to represent an off-delay timer. Notice that the arrow 
points in the direction the contact moves after the time delay period. The ar- 
row indicates that the normally open contact will delay reopening, and that 
the normally closed contact will delay reclosing. Like on-delay timers, some 
off-delay timers contain instantaneous contacts as well as timed contacts, 
and some do not. 


Example Circuit 1 


The circuit shown in Figure Exp. 8-2 illustrates the logic of an off-delay 
timer. It is assumed that the timer has been set for a 5-second delay. When 
switch S1 closes, TR coil energizes. This causes the normally open TR con- 
tacts to close immediately and turn on the lamp. When switch S1 opens, TR 
coil de-energizes, but the TR contacts remain closed for 5 seconds before 
they reopen. Notice that the time delay period does not start until the coil is 
de-energized. 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Discuss the operation of an 
off-delay timer. 


>> Draw the NEMA contact 
symbols used to represent both 
normally open and normally 
closed off-delay contacts. 


>> Discuss the difference in 
operation between pneumatic 
and electronic timers. 


>> Connect a circuit in the 
laboratory employing an 
off-delay timer. 
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me 


NORMALLY OPEN 


Figure Exp. 8-1 NEMA standard symbols for off-delay contacts. 


ei 


NORMALLY CLOSED 





Figure Exp. 8-2 Basic operation of an off-delay timer. 


Example Circuit 2 


In this example, it is assumed that timer TR has been set for a 10-second delay. Two 
motors start when the START button is pressed. When the STOP button is pressed, 
motor | stops operating immediately, but motor 2 continues to run for 10 seconds 
(Figure Exp. 8-3). In this circuit, the coil of the off-delay timer has been placed in 
parallel with motor starter 1M permitting the action of the timer to be controlled by 
the first motor starter. 


Example Circuit 3 


Now assume that the logic of the previous circuit is to be changed so that when the 
START button is pressed, both motors still start at the same time, but when the STOP 
button is pressed, motor 2 must stop operating immediately and motor | continues to 
run for 10 seconds. In this circuit, the action of the timer must be controlled by the 
operation of starter 2M instead of starter 1M (Figure Exp. 8-4). In the circuit shown 
in Figure Exp. 8-4, a control relay is used to energize both motor starters at the same 
time. Notice that timer coil TR energizes at the same time as starter 2M, causing the 
normally open TR contacts to close around the CR contact connected in series with 
coil 1M. 

When the STOP button is pressed, coil CR de-energizes and all CR contacts 
open. Power is maintained to starter 1M, however, by the now closed TR contacts. 
When the CR contact connected in series with coils 2M and TR opens, these coils 
de-energize, causing motor 2 to stop operating and starting the time sequence for the 
off-delay timer. After a 10-second delay, TR contacts reopen and de-energize coil 1M, 
stopping the operation of motor 1. 


Using Electronic Timers 


In the circuits shown in Figures Exp. 8—3 and Exp. 8-4, it was assumed that the off-delay 
timers were pneumatic. It is common practice to develop circuit logic assuming that 
the timers are pneumatic. The reason is that the action of a pneumatic timer is con- 
trolled by the coil being energized or de-energized. The action of the timer depends on 
air pressure, not an electric circuit. This, however, is generally not the case when using 
solid-state time delay relays. Solid-state timers that can be used as off-delay timers are 
generally designed to be plugged into an 11 pin relay socket. The pin connection for a 
Dayton model 6A855 timer is shown in Figure Exp. 8-5. Although this is by no means 
the only type of electronic timer available, it is typical of many. 
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Figure Exp. 8-3 Off-delay motor circuit using pneumatic timer. 
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Figure Exp. 8—4 Motor 1 stops after motor 2. 
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Figure Exp. 8-5 Pin diagram of Dayton model 6A855 timer. 


Notice in Figure Exp. 8—5 that power is connected to pins 2 and 10. When this 
timer is used in the on-delay mode, there is no problem with the application of power 
because the time sequence starts when the timer is energized. When power is removed 
the timer de-energizes and the contacts return to their normal state immediately. 

An off-delay timer, however, does not start the timing sequence until the timer is 
de-energized. Because this timer depends on an electronic circuit to operate the timing 
mechanism, power must be connected to the timer at all times. Therefore, some means 
other than disconnecting the power must be used to start the timing circuit. This par- 
ticular timer uses pins 5 and 6 to start the operation. The diagram in Figure Exp. 8—5 
uses a START switch to illustrate this operation. When pins 5 and 6 are shorted to- 
gether, it has the effect of energizing the coil of an off-delay timer and all contacts 
change position immediately. The timer remains in this state as long as pins 5 and 6 
are short-circuited together. When the short circuit between pins 5 and 6 is removed, it 
has the effect of de-energizing the coil of a pneumatic off-delay timer, and the timing 
sequence starts. At the end of the period, the contacts return to their normal position. 


Amending Circuit 1 


The circuit in Figure Exp. 8-3 has been amended in Figure Exp. 8-6 to accommodate 
the use of an electronic timer. Notice in this circuit that power is connected to pins 2 
and 10 of the timer at all times. Because the action of the timer in the original circuit 
is that the coil of the timer operates at the same time as starter coil 1M, an auxil- 
lary contact on starter 1M will be used to control the action of timer TR. When the 
START button is pressed, coil 1M energizes and all 1M contacts close. This connects 
motor | to the line, the 1M contact in parallel with the START button seals the cir- 
cuit, and the normally open 1M contact connected to pins 5 and 6 of the timer closes 
and starts the operation of the timer. When timer pins 5 and 6 become shorted, the 
timed contact connected in series with 2M coil closes and energizes starter 2M. 

When the STOP button is pressed, coil 1M de-energizes and all 1M contacts re- 
turn to their normal position, stopping the operation of motor 1. When the 1M con- 
tacts connected to timer pins 5 and 6 reopen, it starts the timing sequence of the 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole or in part. Duc te cloctrenic rights. seme third party ventent may he suppressed from the eBook andéor oC hapterts). 
Editorial review has decmed that any suppressed aontent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restriction s require it. 





Exercise 8 Off-Delay Timers @ 563 


Ei) Le ES 

1M OL 
1M OL 
1M OL 
2M OL 
2M OL 
2M OL 

CONTROL 

TRANSFORMER 





Figure Exp. 8-6 Amending the first circuit for an electronic timer. 


timer. After a 10-second delay, timed contact TR reopens and disconnects starter coil 
2M from the circuit. This stops the operation of motor 2. 


Amending Circuit 2 


Circuit 2 will be amended in much the same way as circuit 1. The timer must have 
power connected to it at all times (Figure Exp. 8—7). Notice in this circuit that the 
action of the timer is controlled by starter 2M instead of 1M. When coil 2M ener- 
gizes, a set of normally open 2M contacts close and short pins 5 and 6 of the timer. 
When coil 2M de-energizes, the 2M auxiliary contacts reopen and start the time 
sequence of timer TR. 

Circuit 2 assumes the use of an 1] pin control relay instead of an 8 pin. An 11 pin 
control relay contains three sets of contacts instead of two. Figure Exp. 8-8 shows the 
connection diagram for most 11 pin control relays. Notice that normally open con- 
tacts are located on pins | and 3, 6 and 7, and 9 and 11. The coil pins are 2 and 10. Pin 
numbers have been placed beside the components in Figure Exp. 8—7. 
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Figure Exp. 8-7 Amending circuit 2 for an electronic timer. 
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Figure Exp. 8-8 Connection diagram of an 11 pin control relay and socket. 
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Connecting the First Circuit 
1. Place wire numbers on the schematic shown in Figure Exp. 8-6. 


2. Using an 11 pin tube socket, connect the control part of the circuit in 
Figure Exp. 8-6. 


3. Set the electronic timer to operate as an off-delay timer and set the time 
delay for 10 seconds. 


. Plug the timer into the tube socket and turn on the power. 
5. Test the control part of the circuit for proper operation. 


6. If the control portion of the circuit operated properly, connect the motors 
or equivalent motor loads and test the entire circuit for proper operation. 


Oboe bb oo 


7. Turn off the power and disconnect the circuit. 


Connecting the Second Circuit 
L) 8. Place wire numbers on the schematic diagram shown in Figure Exp. 8-7. 
L) 9. Using two 11 pin tube sockets, connect the control part of the circuit. 


[_] 10. Set the electronic timer to operate as an off-delay timer and set the time 
delay for 10 seconds. 


(_} 11. Plug the timer and control relay into the tube sockets and turn on the 
power. 


L) 12. Test the control part of the circuit for proper operation. 


L) 13. If the control portion of the circuit operated properly, connect the 
motors or equivalent motor loads and test the entire circuit for proper 
operation. 


(_] 14. Turn off the power and disconnect the circuit. 


L) 15. Return the components to their proper location. 


iiiReview Questions 


1. Describe the operation of an off-delay timer. 


2. Why is it common practice to develop circuit logic assuming all timers are 
pneumatic? 


3. Refer to the schematic diagram shown in Figure Exp. 8-6. Assume that 
starter coil 2M is open. Describe the action of the circuit when the START 
button is pressed and when the STOP button is pressed. 


4. Refer to the circuit shown in Figure Exp. 8-7 Assume that when the START 
button is pressed, motor 1 starts operating immediately, but motor 2 does 
not start. When the STOP button is pressed, motor 1 stops operating imme- 
diately. Which of the following could cause this condition? 

a. 1M coil is open. 
b. 2M coil is open. 
c. Timer TR is not operating. 
d. CR coil is open. 
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5. Refer to the circuit shown in Figure Exp. 8-7, When the START button is 
pressed, both motors 1 and 2 start operating immediately. When the STOP 
button is pressed, motor 2 stops operating immediately, but motor 1 
remains running and does not turn off after the time delay period has 
expired. Which of the following could cause this condition? 

a. CR contacts are shorted together. 

b. 2M auxiliary contacts connected to pins 5 and 6 of the timer did not close. 
c. 2M auxiliary contacts connected to pins 5 and 6 of the timer are shorted. 
d. The STOP button is shorted. 


6. Refer to the circuit shown in Figure Exp. 8-7, Assume that timer TR is set for 
a 10-second delay. Now assume that timer TR is changed from an off-delay 
timer to an on-delay timer. Explain the operation of the circuit. 


7. Using the space provided in Figure Exp. 8-9, modify the circuit in Figure Exp. 

8-7 to operate as follows: 

a. When the START button is pressed, motor 1 starts running immediately. 
After a 10-second delay, motor 2 begins running. Both motors remain 
operating until the STOP button is pressed or an overload occurs. 

b. When the STOP button is pressed, motor 2 stops operating immedi- 
ately, but motor 1 continues to operate for a period of 10 seconds before 
stopping. 

c. An overload on either motor will stop both motors immediately. 

d. Assume the use of electronic timers in final design. 


8. After your instructor has approved the modifications connect your circuit in 
the laboratory. 


9. Turn on the power and test the circuit for proper operation. 


10. Turn off the power and disconnect the circuit. Return the components to 
their proper location. 
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Figure Exp. 8-9 Redesigning the circuit. 
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Materials Needed 
* Three-phase power supply 
* Three-phase motor starter 
* 8 or 11 pin on-delay relay with appropriate socket 


* Three-phase motor or equivalent motor load 


Pilot light 
¢ Buzzer or simulated load 
* Control transformer 


* 8 pin control relay and 8 pin socket 


In this exercise, a circuit for a large printing press will be designed in a step- 
by-step procedure. The owner of a printing company has the following con- 
cern when starting a large printing press: 


The printing press is very large and the surrounding noise level is high. 
There is a danger that when the press starts, a person unseen by the op- 
erator may have their hands in the press. To prevent an accident, I would 
like to install a circuit that sounds an alarm and flashes a light for 10 
seconds before the press actually starts. This would give the person time 
to get clear of the machine before it starts. 


To begin the design procedure, list the requirements of the circuit. List 
not only the concerns of the owner, but also any electrical or safety require- 
ments that the owner may not be aware of. Understand that the owner is 
probably not an electrical technician and does not know all the electrical re- 
quirements of a motor control circuit. 


Objectives 


After completing this 
exercise the student should 
be able to: 


>> Describe a step-by-step 
procedure for designing a 
motor control circuit. 


>> Design a basic control 
circuit. 


>> Connect the completed 
circuit in the laboratory. 
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STOP 






WARNING LIGHT 


Figure Exp. 9-1 First step in the circuit design. 


1. There must be a START and STOP push button control. 
2. When the START button is pressed, a warning light and buzzer turn on. 


. After a 10-second delay, the warning light and buzzer turn off and the 
press motor starts. 


4. The press motor should be overload protected. 


ib Bee 


5. When the STOP push button is pressed, the circuit de-energizes even if 
the motor has not started. 


To begin design of the circuit, fulfill the first requirement of the logic, “When 
the START button is pressed, a warning light and buzzer turn on for a period of 
10 seconds.” This first part of the circuit can be satisfied with the circuit shown 
in Figure Exp. 9-1. In this example, a timer is used because the warning light 
and buzzer are to remain on for only 10 seconds. Because the warning light and 
buzzer are to turn on immediately when the START button is pressed, a normally 
closed timed contact is used. This circuit also assumes that the timer contains an 
instantaneous contact that is used to hold the circuit in after the START button 
is released. 

The next part of the logic states that after a 10-second delay, the warning light 
and buzzer are to turn off and the press motor is to start. As shown in Figure 
Exp. 9-1 in the present circuit, when the START button is pressed, TR coil energizes. 
This causes the normally open instantaneous TR contacts to close and hold TR coil 
in the circuit when the START button is released. At the same time, timer TR starts 
its timing sequence. After a 10-second delay, the normally closed TR timed contact 
connected in series with the warning light and buzzer opens and disconnects them 
from the circuit. 

The only remaining circuit logic is to start the motor after the warning light and 
buzzer have turned off. This can be accomplished with a normally open timed contact 
controlled by timer TR (Figure Exp. 9—2). At the end of the timing sequence, the 
normally closed TR contact opens and disconnects the warning light and buzzer. At 
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Figure Exp. 9-2 Completing the circuit logic. 
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Figure Exp. 9-3 The complete circuit. 


the same time, the normally open TR timed contact closes and energizes the coil of M 
starter. The normally closed overload contact connected in series with the rest of the 
circuit de-energizes the entire circuit in the event of motor overload. 

Now that the logic of the control circuit has been completed, the motor load can 
be added as shown in Figure Exp. 9-3. 


Copyright 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whele or in part. Duc te cloctrenic rights. seme third party uentent may he suppressed from the eBook aidéor cChapterfs). 
Editorial review has deemed that any suppressed wenttntdecs net matcrially affect the excrall leaming expericnee, Cengage Learning reserves the right te remee additional osntent at any time if subsoquent rights restrictions require it, 


572 ®@ Section 10 Laboratory Exercises 


Addressing a Potential Problem 


The completed circuit shown in Figure Exp. 9—3 assumes the use of a timer that con- 
tains both timed and instantaneous contacts. This contact arrangement is common 
for certain types of timers, such as pneumatic and some clock timers, but most elec- 
tronic timers do not contain instantaneous contacts. If this is the case, a control relay 
can be added to supply the needed instantaneous contact by connecting the coil of 
the control relay in parallel with the coil of TR timer (Figure Exp. 9-4). 

Although all the circuit conditions have been met and the circuit logic in 
Figure Exp. 9-4 is correct, the schematic is not drawn in typical ladder diagram form. 
The circuit has been modified in Figure Exp. 9-5 to a more common form for ladder 


diagrams. 
Ei LS aes 
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Figure Exp. 9-4 Adding a control relay. 
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Connecting the Circuit 


L) 1. It is assumed that the timer in this circuit is the electronic type. There- 
fore, it is assumed that a control relay will be used to provide the 
normally open holding contacts. Assuming the use of an electronic 
on-delay timer and an 8 pin control relay, place pin numbers beside the 
components of the timer and control relay shown in Figure Exp. 9-5. 
Circle the numbers to distinguish them from wire numbers. 


. Place wire numbers beside the components in Figure Exp. 9-5. 


WO NN 


. Connect the control portion of the circuit. (Note: It may be necessary to 
use a pilot light for the buzzer if one is not available.) 
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Figure Exp. 9-5 The circuit has been modified to a more common form. 
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O 


i a 


4. Turn on the power and test the control part of the circuit for proper 
operation. 


5. Turn off the power. 


6. If the control part of the circuit operated properly, connect the motor or 
simulated motor load to the circuit. 


7. Turn on the power and test the entire circuit for proper operation. 


8. Turn off the power and return the components to their proper location. 


Mii/Review Questions 


i 
ib 


3. 


4. 


a 


What should be the first step when beginning the design of a control circuit? 


Why is it sometimes necessary to connect the coil of a control relay in 
parallel with the coil of a timer? 


Refer to the circuit shown in Figure Exp. 9-3. Assume that the on-delay timer 
is replaced with an off-delay timer. Describe the action of the circuit when 
the START button is pressed. 


Describe the operation of the circuit when the STOP button is pressed. 
Assume the circuit is running with an off-delay timer as described in 
question 3. 


Refer to the circuit shown in Figure Exp. 9-5. Assume the owner decides to 
change the logic of the circuit as follows: 


When the operator presses the START button, a warning light and buzzer 
turn on for 10 seconds. During this period, the operator must continue to 
hold down the START button. If the START button should be released, the 
timing sequence stops and the motor will not start. At the end of 10 
seconds, provided the operator continues to hold the START button down, 
the warning light and buzzer turn off and the motor will start. When the 
motor starts, the operator can release the START button and the press will 
continue to run. 


Amend the circuit in Figure Exp. 9-5 to meet with this requirement. 
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Materials Needed 
* Three-phase power supply 
* Control transformer 
* 2 ea.—8 pin control relays and 8 pin sockets 
* 3 ea.—three-phase motor starters 


* 4 ea.—electronic timers (Dayton model 6A855 or equivalent) and 11 pin 
sockets 


* 3 ea.—three-phase motors or equivalent motor loads 


In this exercise, a circuit will be designed and connected. The requirements of 
the circuit are as follows: 


1. Three motors are to start in sequence from motor 1 to 3. 


2. There is to be a 3-second delay between the starting of each 
motor. 


. When the STOP button is pressed, the motors are to stop in 
sequence from motor 3 to 1. 


4. There is to be 3-second delay between the stopping of each motor. 


ET YN ES 


5. An overload on any motor will stop all motors. 


Objectives 


After completing this 
experiment the student 
should be able to: 


>> Discuss the step-by-step 
procedure for designing a 
circuit. 


>> Change a circuit designed 
with pneumatic timers into a 
circuit that uses electronic 
timers. 


>> Connect the circuit in the 
laboratory. 


>> Troubleshoot the circuit. 
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Stop 


OL1 OL2 OL3 





Figure Exp. 10-1 The motors start in sequence from 1 to 3. 


When designing a control circuit, satisfy one requirement at a time. This may, 
at times, lead to an unforeseen dead-end, but don’t let these dead-ends concern you. 
When they happen, back up, and redesign around them. In this example, the first part 
of the circuit is to start three motors in sequence from motor | to 3 with a 3-second 
delay between the starting of each motor. This is also the time to satisfy the require- 
ment that an overload on any motor will stop all motors. The first part of the cir- 
cuit can be satisfied by the circuit shown in Figure Exp. 10—1. (Note: In this exercise 
the motor connections will not be shown because of space limitations. It is assumed 
that the motor starters are controlling three-phase motors. It is also assumed that all 
timers are set for a 3-second delay.) 

When the START button is pressed, coils 1M and TRI energize. Starter 
1M starts motor | immediately, and timer TR1 starts its time sequence of 3 seconds. 
After a 3-second delay, timed contact TR1 closes and energizes coils 2M and TR2. 
Starter 2M starts motor 2 and timer TR2 begins its 3-second timing sequence. After 
a 3-second delay, timed contact TR2 closes and energizes motor 3. The motors have 
been started in sequence from | to 3 with a 3-second delay between the starting of 
each motor. This satisfies the first part of the circuit logic. 

The next requirement is that the circuit stop in sequence from motor 3 to 1. To 
fulfill this requirement, power must be maintained to starters 2M and IM after the 
STOP button has been pushed. In the circuit shown in Figure Exp. 10-1, this is not 
possible. Because all coils are connected after the M auxiliary holding contact, power 
will be disconnected from all coils when the STOP button is pressed and the holding 
contact opens. This circuit has proven to be a dead-end. There is no way to fulfill the 
second requirement with the circuit connected in this manner. Therefore, the circuit 
must be amended in such a manner that it will not only start in sequence from motor 
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1 to 3 with a 3-second delay between the starting of each motor, but also be able 
to maintain power after the START button is pressed. This amendment is shown in 
Figure Exp. 10-2. 

To modify the circuit so that power can be maintained to coils 2M and 1M, a 
control relay has been added to the circuit. Contact 1CR, prevents power from being 
applied to coils 1M and TRI until the START button is pressed. 


Designing the Second Part of the Circuit 


The second part of the circuit states that the motors must stop in sequence from motor 
3 to 1. Do not try to solve all the logic at once. Solve each problem as it arises. The first 
problem is to stop motor 3. In the circuit shown in Figure Exp. 10-2, when the STOP but- 
ton is pressed, coil 1CR de-energizes. This causes contact ICR, to open and de-energize 
coils 1M and TR1. Contact TR1 opens immediately and de-energizes coils 2M and TR2, 
causing contact TR2 to open immediately and de-energize coil 3M. Notice that coil 3M 
does de-energize when the STOP button is pressed, but so does everything else. The circuit 
requirement states that there is to be a 3-second time delay between the stopping of motor 
3 and 2. Therefore, an off-delay timer will be added to maintain connection to coil 2M 
after coil 3M has de-energized (Figure Exp. 10-3). 

The same basic problem exists with motor |. In the present circuit, motor | turns 
off immediately when the STOP button is pressed. To help satisfy the second part of 
the problem, another off-delay relay must be added to maintain a circuit to motor | 
for a period of 3 seconds after motor 2 has turned off. This addition is shown in 
Figure Exp. 10-4. 

Motors 2 and | will now continue to operate after the STOP button is pressed, 
but so will motor 3. In the present design, none of the motors turn off when the 


OL1 OL2 OL3 


Figure Exp. 10-2 A control relay is added to the circuit. 
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OL1 OL2 OL3 


OL1 OL2 OL3 





Figure Exp. 10-4 Off-delay timer TR4 prevents motor 1 from stopping. 
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STOP button is pressed. To understand this condition, trace the logic step by step. 
When the START button is pressed, coil 1CR energizes and closes all 1CR contacts. 
When contact ICR, closes, coils 1M and TR1 energize. After a period of 3 seconds, 
timed contact TR1 closes and energizes coils 2M, TR2, and TR4. Timed contact TR4 
closes immediately to bypass contact 1CR,. After a 3-second delay, timed contact 
TR2 closes and energizes coils 3M and TR3. Timed contact TR3 closes immediately 
and bypasses contact TR1. When the STOP button is pressed, coil 1CR de-energizes 
and all 1CR contacts open, but a circuit is maintained to coils 1M and TR1 by con- 
tact TR4. This prevents timed contact TR1 from opening to de-energize coils 2M, 
TR2, and TR4, which in turn prevents timed contact TR2 from opening to de-ener- 
gize coils 3M and TR3. To overcome this problem, two more contacts controlled by 
control relay 1CR will be added to the circuit (Figure Exp. 10-5). The circuit will now 
operate in accord with all the stated requirements. 


Modifying the Circuit 


The circuit in Figure Exp. 10-5 was designed with the assumption that all the tim- 
ers are pneumatic. When this circuit is connected in the laboratory, 8 pin control 
relays and electronic timers will be used. The circuit will be amended to accom- 
modate these components. The first change to be made concerns the control relays. 





Figure Exp. 10-5 Control relay contacts are added to permit the circuit to turn off. 
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OL1 OL2 OL3 


Figure Exp. 10-6 Adding a control relay to the circuit. 


Notice that the circuit requires the use of four normally open contacts controlled 
by coil ICR. Because 8 pin control relays have only two normally open contacts, it 
will be necessary to add a second control relay, 2CR. The coil of relay 2CR will be 
connected in parallel with ICR, which will permit both to operate at the same time 
(Figure Exp. 10-6). 

Timers TRI and TR2 are on-delay timers and do not require an adjustment in 
the circuit logic to operate. Timers TR3 and TR4, however, are off-delay timers and 
do require changing the circuit. The coils must be connected to power at all times. 
Assuming the use of a Dayton timer model 6A855, power would connect to pins 2 
and 10. Starter 3M will be used to control the action of timer TR3 by connecting a 
3M normally open auxiliary contact to pins 5 and 6 of timer TR3 (Figure Exp. 10—7). 
Starter 2M will control the action of timer TR4 by connecting a 2M normally open 
auxiliary contact to pins 5 and 6 of that timer. The circuit is now complete and ready 
for connection in the laboratory. 


Connecting the Circuit 


L) 1. Using the circuit shown in Figure Exp. 10-7, place pin numbers beside 
the proper components. Circle the pin numbers to distinguish them 
from wire numbers. 
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Figure Exp. 10-7 Changing pneumatic timers for electronic timers. 


2. Place wire numbers on the schematic. 

3. Connect the control circuit in the laboratory. 

4. Turn on the power and test the circuit for proper operation. 

5. Turn off the power and connect the motor loads to starters 1M, 2M, 
and 3M. 

6. Turn on the power and test the complete circuit. 


7. Turn off the power. 


oOo .o ooo 


8. Disconnect the circuit and return the components to their proper place. 
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Mii/Review Questions 


Refer to the circuit in Figure Exp. 10-7 to answer the following questions. It is 
assumed that all timers are set for a 3-second delay. 


1. When the START button is pressed, motor 1 starts operating immediately. 
Three seconds later, motor 2 starts, but motor 3 never starts. When the 
STOP button is pressed, motor 2 stops operating immediately. After a 3-sec- 
ond delay, motor 1 stops running. Which of the following could not cause this 
condition? 

a. TR3 coil is open. 
b. 3M coil is open. 

c. TR2 coil is open. 
d. 2CR coil is open. 


2. When the START button is pressed, motor 1 starts operating immediately. 

Motor 2 does not start operating after 3 seconds, but after a 6-second 
delay motor 3 starts operating. When the STOP button is pushed, motors 3 
and 1 stop operating immediately. Which of the following could cause this 
condition? 
a. 2CR coil is open. 
b. TR1 coil is open. 
c. TR3 coil is open. 
d. 2M coil is open. 


3. When the START button is pressed, all three motors start normally with a 
3-second delay between the starting of each motor. When the STOP button 
is pressed, motor 3 stops operating immediately. After a 3-second delay, 
both motors 2 and 1 stop operating at the same time. Which of the following 
could cause this problem? 

a. Timer TR1 is defective. 
b. Timer TR2 is defective. 
c. Timer TR3 is defective. 
d. Timer TR4 is defective. 


4. When the START button is pressed, nothing happens. None of the motors 
start. Which of the following could not cause this problem? 
a. Overload contact OL1 is open. 
b. 1CR relay coil is open. 
c. 2CR relay coil is open. 
d. The STOP button is open. 


5. When the START button is pressed, motor 1 does not start, but after a 
3-second delay motor 2 starts, and 3 seconds later motor 3 starts. When 
the STOP button is pressed, motor 3 stops running immediately and after a 
3-second delay motor 2 stops running. Which of the following could cause 
this problem? 

a. Starter coil 1M is open. 
b. TR1 timer coil is open. 

c. Timer TR4 is defective. 
d. 1CR coil is open. 
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Materials Needed 
* Three-phase power supply 
* Control transformer 


¢ Three-phase motor starter with at least two normally open auxiliary 
contacts 


¢ 5 ea.—double-acting push buttons (NO/NC on each button) 
* Pilot light 


* 3 ea.—toggle switches that can be used to simulate two limit switches and 
one pressure switch 


¢ One three-phase motor or equivalent motor load 
* 2 ea.—solenoid coils or lamps to simulate solenoid coils 


¢ 3 ea.—control relays with three sets of contacts (11 pin) and 11 pin 
sockets 


* 3 ea.—control relays with two sets of contacts (8 pin) and 8 pin sockets 


The next circuit to be discussed is a control for a large hydraulic press (Fig- 
ure Exp. 11-1). In this circuit, a hydraulic pump must be started before the 
press can operate. Pressure switch PS closes when there is sufficient hydraulic 
pressure to operate the press. If switch PS opens, it stops the operation of 
the circuit. A green pilot light is used to tell the operator that there is enough 
pressure to operate the press. 

Two run push buttons are located far enough apart so that both of the 
operator’s hands must be used to cause the press to cycle. This is to prevent 
the operator from getting his or her hands in the press when it is operating. 
Limit switches UPLS and DNLS are used to determine when the press is at 
the bottom of its downstroke and when it is at the top of its upstroke. In the 
event that one or both of the run push buttons are released during the cycle, 
a reset button can be used to reset the press to its top position. The up so- 
lenoid causes the press to travel upward when it is energized, and the down 
solenoid causes the press to travel downward when it is energized. 


Objectives 


After completing this 
experiment the student 
should be able to: 


>> Discuss the operation of this 
hydraulic press control circuit. 


>> Connect the circuit in the 
laboratory. 


>> Operate the circuit using 
toggle switches to simulate 
limit and pressure switches. 
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Figure Exp. 11-1 Hydraulic press. 


To understand the operation of this circuit, assume that the press is in the up 
position. Notice that limit switch UPLS is shown normally open held closed. This 
limit switch is connected normally open, but when the press is in the up position, it 1s 
being held closed. Now assume that the hydraulic pump ts started and that the pres- 
sure switch closes. When pressure switch PS closes, the green pilot light turns on and 
UPLSCR (up limit switch control relay) energizes, changing all UPLSCR contacts 
(Figure Exp. 11-2). 
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Figure Exp. 11-2 The circuit with pump operating. 


When both run push buttons are held down, a circuit is completed to CR1 relay, 
causing all CR1 contacts to change position (Figure Exp. 11—3). The CR1 contact 
connected in series with the coil of DNCR closes and energizes the relay, causing all 
DNCR contacts to change position. The DNCR contact connected in series with the 
down solenoid coil closes and energizes the down solenoid. 

As the press begins to move downward, limit switch UPLS opens and 
de-energizes coil UPLSCR, returning all UPLSCR contacts to their normal position 
(Figure Exp. 11-4). 
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Figure Exp. 11-3 The circuit is started. 


When the press reaches the bottom of its stroke, it closes down limit switch 
DNLS. This energizes the coil of the down limit switch control relay, DNLSCR, caus- 
ing all DNLSCR contacts to change position (Figure Exp. 11—5). The normally open 
DNLSCR contact connected in series with the coil of CR2 closes and energizes that 
relay, causing all CR2 contacts to change position. The normally closed DNLSCR 
contact connected in series with DNCR coil opens and de-energizes that relay. All 


Coperight 201? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole or in part. Duc te cloctrenic rights. seme third party uentent may he suppressed from the eBook andéor oC hapterfs). 
Editorial review has decmed that any suppressed aanttnt dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 





Exercise 11 Hydraulic Press Control @ 587 






CONTROL 
TRANSFORMER 





PUMP START 


a an UPLSCR 
U UO U UO 
CR2 


CR1 DNLSCR 






CR2 


DNLSCR 





DNLSCR UPLSCR 


DOWN SOL 


Figure Exp. 11-4 The up limit switch opens. 


DNCR contacts return to their normal position. The normally open contact con- 
nected in series with the down solenoid coil opens and de-energizes the solenoid. The 
normally closed DNCR contacts connected in series with UPCR coil reclose to pro- 
vide a current path to that relay. 

The UPCR contact connected in series with coil DNCR opens to prevent 
coil DNCR from re-energizing when coil DNLSCR de-energizes. The normally 
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Figure Exp. 11-5 DNLSCR and CR2 relays energize. 


open UPCR contact connected in series with the up solenoid closes and provides 
a current path to the up solenoid. When the press starts upward, limit switch 
DNLS reopens and de-energizes coil DNLSCR. A circuit is maintained to UPCR 
coil by the now closed UPCR contact connected in series with the CR1 contact 
(Figure Exp. 11-6). 

The press continues to travel upward until it reaches its upper limit and closes 
limit switch UPLS, energizing coil UPLSCR (Figure Exp. 11-7). This causes both 
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Figure Exp. 11-6 Limit switch DNLS reopens. 


UPLSCR contacts to change position. The UPLSCR contact connected in series with 
coil UPCR opens and de-energizes the up solenoid. Notice that control relay CR2 is 
still energized. Before the press can be recycled, one or both of the run buttons must 
be released to break the circuit to the control relays. This permits the circuit to reset to 
the state shown in Figure Exp. 11-2. If for some reason the press should be stopped 
during a cycle, the reset button can be used to return the press to the starting position. 
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Figure Exp. 11-7 The press completes the cycle. 


Connecting the Circuit 


In this exercise, toggle switches will be used to simulate the action of the pressure 
switch and the two limit switches. Lights may also be substituted for the up and down 
solenoid coils. 


L) 1. Refer to the circuit shown in Figure Exp. 11-1. Count the number of con- 
tacts controlled by each of the control relays to determine which should 
be 11 pin and which should be 8 pin. Relays that need three contacts will 
have to be 11 pin, and relays that need two contacts may be 8 pin. 
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. After determining whether a relay is to be 11 pin or 8 pin, identify the re- 


lay with some type of marker that can be removed later. Identifying the 
relays as CR1, CR2, and so on, can make connection much simpler. 


. Place the pin numbers on the schematic in Figure Exp. 11-1 to corre- 


spond with the contacts and coils of the control relays. Circle the 
numbers to distinguish them from wire numbers. 


. Place wire numbers beside each component on the schematic. 


. Connect the circuit. (Note: When connecting the two run push buttons, 


connect them close enough together to permit both to be held closed 
with one hand.) 


Testing the Circuit 


To test the circuit for proper operation: 


i) 


By Ebi 


0 


= 


) 


1. Set the toggle switches used to simulate the pressure and down limit 


switch in the open (OFF) position. Set the toggle used to simulate the up 
limit switch in the closed (ON) position. 


. Press the “PUMP START” button and the motor or simulated motor load 


should start operating. 


. Close the pressure switch. The pilot light and UPLSCR relay should energize. 


. Press and hold down both of the run push buttons. Relays CR1 and 


DNCR should energize. The down solenoid should also turn on. 


. The press is now traveling in the down direction. Open the up limit 


switch. This should cause UPLSCR to de-energize. The down solenoid 
should remain turned on. 


. Close the down limit switch to simulate the press reaching the bottom 


of its stroke. DNLSCR, CR2, and UPCR should energize. The press is now 
starting to travel upward. 


7. Open the down limit switch. DNLSCR should de-energize, but the UPCR 


should remain energized. 


. Close the up limit switch to simulate the press reaching the top of its 


stroke. The up solenoid should turn off. Control relay CR2 should remain 
on as long as the two run buttons are held closed. 


. To restart the cycle, release the run buttons and reclose them. 


Mi!i/Review Questions 


1. Assume that the hydraulic pump is running and the pilot light is turned on 


indicating that there is sufficient pressure to operate the press. Now assume 
that the up limit switch is not closed. What will be the action of the circuit if 
both run buttons are pressed? 


2. Assume that the press is in the middle of its downstroke when the operator 


releases the two run push buttons. Explain the action of the circuit. 
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3. Referring to the condition of the circuit as stated in question 2, what would 
happen if the two run push buttons are pressed and held closed? Explain 
your answer. 


4. Referring to the condition of the circuit as stated in question 2, what would 
happen if the reset button was pressed and held closed? Explain your 
answer. 


5, Assume that the press traveled to the bottom of its stroke and then started 
back up. When it reached the middle of its stroke, the power was inter 
rupted. After the power has been restored, if the two run buttons are 
pressed, will the press continue to travel upward to complete its stroke, or 
will it start moving downward? 
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Materials Needed 
* Depends on the circuit design 


In the space provided in Figure Exp. 12-1, draw a schematic diagram of a 
circuit that will fulfill the following requirements. Use two separate timers. 
Do not use an electronic timer set in the repeat mode. Remember that there 
is generally more than one way to design any circuit. Try to keep the design 
as simple as possible. The fewer components a circuit has, the less it is likely 
to fail. 


L) 1. An ON-OFF toggle switch is used to connect power to the 
circuit. 


L) 2. When the switch is turned on, two lights will alternately flash 
on and off. Light 1 will be turned on when light 2 is turned off. 
When light 1 turns off, light 2 will turn on. 


(_] 3. The lights are to flash at a rate of on for 1 second and off for 
1 second. 


When the circuit design is completed, have your instructor approve it. After 
the design has been approved, connect it in the laboratory. 


Objectives 


After completing this exer- 
cise the student should be 
able to: 


>> Design a circuit from a written 
statement of requirements. 


>> Connect the circuit in the 
laboratory after the design 
has been approved. 
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Figure Exp. 12—1 Design of two flashing lights. 
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Exercise 12 Design of Two Flashing Lights @ 595 


MiiiReview Questions 


1. When designing a control circuit that requires the use of a timing relay, what 
type of timer is generally used during the design? 


2. Should schematic diagrams be drawn to assume that the circuit is energized 
or de-energized? 


3. Explain the difference between a schematic and a wiring diagram. 


4. In a forward-reverse control circuit, a normally closed F contact is connected 
in series with the R starter coil, and a normally closed R contact is connected 
in series with the F starter coil. What is the purpose of doing this and what is 
the contact arrangement called? 


5. What type of overload relay is not sensitive to changes in ambient 
temperature ? 
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Materials Needed 
* Depends on the design of the circuit 


The design of this circuit will be somewhat similar to the circuit in Exercise 
12. This circuit, however, contains three lights that turn on and off in se- 
quence. Use the space provided in Figure Exp. 13-1 to design this circuit. 
The requirements of the circuit are as follows: 


L) 1. A toggle switch is used to connect power to the circuit. When 
the power is turned on, light 1 will turn on. 


2. After a 1-second delay, light 1 will turn off and light 2 will turn on. 
. After a 1-second delay, light 2 will turn off and light 3 will turn on. 


4. After a 1-second delay, light 3 will turn off and light 1 will turn 
back on. 


ere 


5. The lights will repeat these actions until the toggle switch is 
opened. 


Objectives 


After completing this exer- 
cise the student should be 
able to: 


>> Design a motor control 
circuit using timers. 


>> Discuss the operation of this 
circuit. 


>> Connect this circuit in the 
laboratory. 
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Figure Exp. 13-1 Design of three lights that turn on and off in sequence. 
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Exercise 13 Design of Three Flashing Lights @ 599 


Procedure 


L) 1. After the design of your circuit has been approved by your 
instructor, connect the circuit in the laboratory. 


fy 2. Turn on the power and test the circuit for proper operation. 


(_] 3. Turn off the power and disconnect the circuit. Return the components 
to their proper location. 


Mii/Review Questions 


1. A 60 HP three-phase squirrel cage induction motor is to be connected to a 
480-volt line. What size NEMA starter should be used to make this 
connection? 


2. An electrician is given a NEMA size 2 starter to connect a 30 HP three-phase 
squirrel cage motor to a 575-volt line. Should this starter be used to operate 
this motor? 


3. Assume that the motor in question 2 has a design code B. What standard 
size inverse time circuit breaker should be used to connect the motor? 


4. The motor described in questions 2 and 3 is to be connected with copper 
conductors with type THHN insulation. What size conductors should be 
used? The termination temperature rating is not known. 


5. Assume that the motor in question 2 has a nameplate current rating of 
28 amperes and a marked service factor of 1. What size overload heater 
should be used for this motor? 
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Materials Needed 
* Three-phase power supply 
* Control transformer 
* 3 ea—three-phase motor starters with normally open auxiliary contacts 


* 6 ea.—toggle switches to simulate auto-off-man switches and float 
switches 


* 8 pin control relay and 8 pin socket 
* 3 ea.—three-phase motors or equivalent motor loads 
* One normally open and one normally closed push button 


One of the primary duties of an industrial electrician is to troubleshoot exist- 
ing control circuits. To troubleshoot a circuit, the electrician must understand 
what the circuit is designed to do and how it accomplishes it. To analyze a 
control circuit, start by listing the major components. Next, determine the 
basic function of each component, and finally determine what occurs dur- 
ing the circuit operation. 

To illustrate this procedure, the circuit previously discussed in Exercise 
11 will be analyzed. The hydraulic press circuit is shown in Figure Exp. 14-1. 
In order to facilitate circuit analysis, wire numbers have been placed beside 
the components. The first step will be to list the major components in the 
circult. 


1. Normally closed STOP push button 
2. Normally open push button used to start the hydraulic pump 


3. 2 ea.—normally open push buttons used as run buttons 


OoOoOwW 


4. Normally open push button used for the reset button 


Objectives 


After completing this exer- 
cise the student should be 
able to: 


>> Analyze a motor control 
circuit. 


>> List the steps of operation in 
a control circuit. 


>> Connect this circuit in the 
laboratory. 
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Figure Exp. 14-1 Analyzing the circuit. 


) 5. Normally open pressure switch 
_} 6. 2 ea.—normally open limit switches 
_} 7 2.¢a.—solenoid valves 


(_} 8. 3ea.—8 pin control relays (CR2, UPLSCR, and DNCR) 
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L} 9. 
_} 10. 
L) 1. 


Exercise 14 Control for Three Pumps @ 603 


3 ea.—11 pin control relays (CR1, DNLSCR, and UPCR) 
Control transformer 


Green pilot light 


The next step in the process is to give a brief description of the function of each listed 
component. 


Ths 


Bo AE) UE! a. aa i 


Os. 
O 2. 
QD 10. 
On. 


(Normally closed STOP push button) Used to stop the operation of the 
hydraulic pump motor. 


. (Normally open push button used to start the hydraulic pump) Starts the 


hydraulic pump. 


. (2 ea.—normally open push buttons used as run buttons) Both push but- 


tons must be held down to start the action of the press. 


. (Normally open push button used for the reset button) Resets the press 


to the top-most position. 


. (Normally open pressure switch) Determines whether or not there is 


enough hydraulic pressure to operate the press. 


. (2 ea.—normally open limit switches) Determine when the press is at the 


top of its stroke or at the bottom of its stroke. 


(2 ea.—solenoid valves) The up solenoid valve opens on energize to 
permit hydraulic fluid to move the press upward. The down solenoid 
valve opens on energize to permit hydraulic fluid to move the press 
downward. 


(3 ea.—8 pin control relays, CR2, UPLSCR, and DNCR) Part of the control 
circuit. 


(3 ea.—11 pin control relays, CR1, DNLSCR, and UPCR) Part of the 
control circuit. 


(Control transformer) Reduces the value of the line voltage to the volt- 
age needed to operate the control circuit. 


(Green pilot light) Indicates there is enough hydraulic pressure to 
operate the pump. 


The final step is to analyze the operation of the circuit. To analyze circuit operation, 
trace the current paths each time a change is made in the circuit. Start by pressing the 
pump START button. 


L) 1. 
L) 2. 


When the pump START button is pressed, a circuit is completed to the 
coil of starter HP. 


When coil HP energizes, all HP contacts change position. The three load 
contacts close to connect the pump motor to the line. The HP auxiliary 
contact located between wire points 11 and 12 closes to maintain the cir 
cuit after the pump START button is released, and the HP auxiliary con- 
tact located between wire numbers 10 and 15 closes to provide power to 
the rest of the circuit. 


. After the hydraulic pump starts, the hydraulic pressure in the system 


increases and closes the pressure switch. 
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Lill) 


When the pressure switch closes, a current path is provided to the green 
pilot light to indicate that there is sufficient hydraulic pressure to oper- 
ate the press. A current path also exists through the normally open held 
closed up limit switch to control relay coil UPLSCR. 


. When UPLSCR energizes, both UPLSCR contacts open. The UPLSCR 


contact located between wire numbers 18 and 19 opens to break a 
current path to CR1 coil. UPLSCR contact located between wire numbers 
27 and 29 opens to break the current path to coil UPCR. 


. Both run push buttons must be held down to provide a current path 


through the normally closed CR2 contact located between wire numbers 
18 and 19 to the coil of CR1 relay. 


. When CR1 relay coil energizes, the CR1 contact located between wire 


numbers 18 and 20 closes to provide a path to CR2 coil in the event that 
the DNLSCR contact should close. The CR1 contact located between wire 
numbers 16 and 24 closes to provide a current path to the down control 
relay (DNCR). The CR1 contact located between wire numbers 28 and 

27 closes to provide an eventual current path to the up control relay 
(UPCR). 


. When DNCR coil energizes, the DNCR contact located between wire 


numbers 29 and 30 opens to provide interlock with the UPCR. The DNCR 
contact between wire numbers 16 and 32 closes and provides a current 
path to the down solenoid valve. 


. When the down solenoid valve energizes, the press begins its down- 


ward stroke. This causes the normally open held closed up limit switch 
to open and de-energize the coil of the up limit switch control relay 
(UPLSCR). 


. Both UPLSCR contacts reclose. 


. When the press reaches the bottom of its stroke, the down limit switch 


located between wire numbers 16 and 23 closes to provide a current 
path to the coil of the down limit switch control relay (DNLSCR). 


. All DNLSCR contacts change position. The DNLSCR contact located 


between wire numbers 20 and 21 closes to provide a current path 
through the now closed CR1 contact to the coil of CR2 relay. The 
DNLSCR contact located between wire numbers 24 and 25 opens and 
breaks the current path to DNCR relay. The DNLSCR contact located be- 
tween wire numbers 16 and 27 closes to provide a current path to UPCR 
relay when the DNCR contact located between 29 and 30 recloses. 


. When CR2 coil energizes, the normally closed CR2 contact located 


between wires 18 and 19 opens to prevent a maintained current path to 
CR1 when the UPLSCR contact reopens. The normally open CR2 contact 
located between 18 and 21 closes to maintain a current path to the coil 
of CR2 in the event that CR1 or DNLSCR contacts should open. 


. When the DNCR relay coil de-energizes, the DNCR contact located between 


wires 29 and 30 recloses to permit coil UPCR to be energized. The DNCR 
contact located between 16 and 32 reopens to break the current path to the 
down solenoid valve. 
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[_}] 15. When the UPCR coil energizes, the normally closed UPCR contact 
located between wires 25 and 26 opens to provide interlock with the 
DNCR relay coil. The UPCR contact located between 16 and 28 closes 
to maintain a circuit through the now closed CR1 contact to the coil of 
UPCR. The UPCR contact located between 16 and 31 closes and provides 
a current path to the up solenoid valve. 


L) 16. When the up solenoid valve opens, hydraulic fluid causes the press to 
begin its upward stroke. 


17. When the press starts upward, the down limit switch reopens and 
de-energizes the coil of DNLSCR relay. 


(_] 18. When coil DNLSCR de-energizes, the DNLSCR contact located between 
wires 20 and 21 reopens, but a current path is maintained by the now 
closed CR2 contact. The DNLSCR contact located between 24 and 25 
recloses, but the current path to DNCR coil remains broken by the 
UPCR contact located between 25 and 26. The DNLSCR contact located 
between wires 16 and 27 reopens, but a current path is maintained by 
the now closed UPCR and CR1 contacts. 


0 


L) 19. When the press reaches the top of its stroke, the up limit switch again 
closes and provides a current path to the coil of UPLSCR relay. 


L) 20. The UPLSCR contact located between wires 18 and 19 opens to break 
the current path to CR1 coil. The UPLSCR contact located between wires 
27 and 29 opens to break the current path to the coil of UPCR. 


(_} 21. When CR1 coil de-energizes, all CR1 contacts return to their normal 
position. The CR1 contact between wires 18 and 20 reopens, CR1 contact 
between wires 16 and 24 reopens to prevent a current path from being 
established to the DNCR relay coil, and CR1 contact between wires 27 
and 28 reopens. 


(_] 22. When coil UPCR de-energizes, its contacts return to their normal posi- 
tion. The UPCR contact located between wires 16 and 28 reopens, and 
the UPCR contact located between wires 16 and 31 reopens to break the 
circuit to the up solenoid. 


(_} 23. Before the circuit can be restarted, the current path to relay CR2 must be 
broken by releasing one or both of the run push buttons. This will return 
all contacts back to their original state. 


L) 24. In the event the press should be stopped in the middle of its stroke, the 
up limit switch will be open and coil UPLSCR will be de-energized. The 
DNCR coil will also be de-energized. If the reset button is pressed and 
held, a circuit will be completed through the normally closed DNLSCR 
and DNCR contacts to the coil of UPCR. This will cause the up solenoid 
valve to energize and return the press to its up position. 
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Figure Exp. 14-2 Roof-mounted tank for plant cooling system. 


Determining What the Circuit Does 


The circuit in this experiment is intended to operate three pumps. The pumps are used 
to pump water from a sump to a roof storage tank. The water in the storage tank is 
used for cooling throughout the plant. After the water has been used for cooling, it 
returns to the sump to be recooled. Three float switches are used to detect the water 
level in the storage tank. As the water is drained out of the tank, the level drops and 
the float switches turn on the pumps to pump water from the sump back to the stor- 
age tank (Figure Exp. 14-2). 


List the Components 


In the space provided, list the major components in the control circuit shown in 
Figure Exp. 14-3. 


L. 


2 
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Exercise 14 Control for Three Pumps @ 607 


EMERGENCY RESET 
STOP 





Figure Exp. 14—3 Control circuit for three pumps. 





10. 





Describe the Components 


In the space provided below give a brief description of the function of the compo- 
nents in this circuit. 
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2. 


10. 
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Exercise 14 Control for Three Pumps @ 609 


Describing the Circuit Operation 


In the space provided below, describe the operation of the circuit. Assume that in 
the normal state the roof storage tank is filled with water, and all the auto-off-man 
switches are set in the auto position. Also assume that the three motor starters con- 
trol the operation of the three pumps, although the pumps are not shown on the 
schematic. 
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8. 


10. 


12. 


13. 


14. 


15. 
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MiiiiReview Questions 


To answer the following questions, refer to the circuit shown in Figure Exp. 14-3. 


1. Assume that all three pumps are operating. What would be the action of the 
circuit if the auto-off-man switch of pump 2 were to be switched to the off 
position? 


2. Assume that the auto-off-man switch of pump 3 is set in the manual 
position. What will be the operation of the circuit if float switch FS1 closes? 


3. Assume that the roof storage tank empties completely, but none of the 
pumps have started. Which of the following could not cause this condition? 
a. The emergency STOP button has been pushed and the control relay is 
de-energized. 
b. The auto-off-man switch of pump 1 has been set in the off position. 
c. The auto-off-man switch of pump 1 has been set in the manual position. 
d.1M coil is open. 


4. Assume that all three pumps are in operation and OL3 contact opens. Will 
this affect the operation of the other two pumps? 


5. Assume that FS2 float switch is defective. If the water level drops enough to 
close float switch FS3, will pump 3 start running? 
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Materials Needed 
* Three-phase power supply 
¢ 2 ea.—three-phase motor starters 
* Control transformer 
* 2 ea—electronic timers (Dayton model 6A855) and 11 pin tube sockets 
* 2 ea.—pilot lights 
* 2 ea—double-acting push buttons 


In the circuit shown in Figure Exp. 15-1, the oil pump must start for some 
time before the compressor is started. When the START button is pressed, 
the oil pump should continue to run for some time after the compressor 
stops operating. 


Listing the Components 
In the space provided below, list the circuit components. 


I 


Ps 





Objectives 


After completing this 
exercise the student should 
be able to: 


>> Analyze a motor control 
circuit. 


>> List the steps of operation in 
a control circuit. 


>> Connect this circuit in the 
laboratory. 
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Figure Exp. 15-1 Compressor oil pump circuit. 











10. 
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Exercise 15 Oil Pressure Pump Circuit for a Compressor @ 615 


Describe the Components 


In the space provided below, give a brief description of what function each compo- 
nent performs. 








10. 
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Circuit Operation 


In the space provided below, describe the operation of the circuit in a step-by-step 
sequence. 








10. 


11. 
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la: ey 


13, Ss 





14. 





IS, — 


Connecting the Circuit 
L) 1. Connect the circuit shown in Figure Exp. 15-1. 
L) 2. Turn on the power and test the circuit for proper operation. 


L) 3. Turn off the power and disconnect the circuit. Return the components 
to their proper location. 


Mii!/Review Questions 


To answer the following questions, refer to the circuit shown in Figure Exp. 15-1. 


1. Assume that the START button is pressed and the oil pump starts operating. 
After a 5-second delay, the COMP pilot light turns on, but the compressor 
motor does not start. Which of the following could cause this condition? 

a. TR2 timer is defective. 

b. COMP starter coil is defective. 

c. The compressor motor is defective. 
d. All the above. 


2. Assume that the circuit is in operation. When the STOP button is pressed, 
both the compressor and oil pump stop operating immediately. Which of the 
following could cause this condition? 

a. CR relay is defective. 

b. TR1 timer is defective. 
c. OP starter is defective. 
d. Timer TR2 is defective. 


3. When the START button is pressed, the oil pump starts operating imme- 
diately. After a 5-second delay, the oil pump motor turns off. An electrician 
finds that the control transformer fuse is blown. Which of the following could 
cause this condition? 

a. TR1 coil is shorted. 

b. OP coil is shorted. 

c. TR2 coil is shorted. 

d. COMP coil is shorted. 
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4. When the START button is pressed, the oil pump motor starts operating 
immediately. After a long time delay, it is determined that the compressor 
motor will not start. Which of the following could not cause this condition? 
a. OP coil is defective. 

b. TR2 coil is defective. 
c. COMP coil is defective. 
d. The compressor overload contact is open. 


5. When the START button is pressed, the oil pump motor starts operating 
immediately. When the START button is released, however, the oil pump 
motor turns off. The operator then presses the START button and holds it 
down for 10 seconds. This time the oil pump motor starts operating imme- 
diately, but the compressor motor never starts. When the START button is 
released, the oil pump motor again immediately turns off. Which of the 
following could cause this condition? 

a. CR coil is defective. 

b. TR1 coil is defective. 

c. TR2 coil is defective. 

d. COMP coil is defective. 
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Materials Needed 
* Three-phase power supply 
* Control transformer 


¢ 3 ea.—three-phase contactors with at least one normally open and one 
normally closed auxiliary contact 


¢ 2 ea.—0.5 kVA control transformer (480/240-120) 
¢ Three-phase motor or equivalent motor load 


* On-delay timer—Dayton model 6A855 or equivalent and 11 pin tube 
socket 


* 8 pin control relay and 8 pin tube socket 
* 2 ea.—double-acting push buttons (NO/NC on each button) 


¢ Three-phase overload relay or three single-phase overload relays with the 
overload contacts connected in series 


Autotransformer starters are used to reduce the amount of in-rush current 
when starting a large motor. The autotransformer starter accomplishes this 
by reducing the voltage applied to the motor during the starting period. If 
the voltage is reduced by one-half, the current will be reduced by one-half, 
and the torque will be reduced to one-fourth of normal. 

There are several different ways to construct an autotransformer starter. 
Some use three transformers, and others use two transformers. In this exer- 
cise, two transformers connected as an open delta will be used. Two 0.5 kVA 
control transformers will be employed. Because these transformers are to be 
used as autotransformers, only the high-voltage windings will be connected. 
The low-voltage windings (X1 and X2) will not be used in this experiment. 
The high-voltage windings can be identified by the markings on the terminal 
leads of H1 through H4. These high-voltage windings are to be connected in 
series by connecting a jumper between terminals H2 and H3. This jumpered 
point provides a center tap for the entire winding. 


Objectives 


After completing this 
experiment the student 
should be able to: 


>> Discuss the operation of an 
autotransformer starter. 


>> Explain the operation of an 
autotransformer starter. 


>> Connect an autotransformer 
starter in the laboratory. 
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Obtaining Enough Contacts 


A schematic diagram of this connection is shown in Figure Exp. 16-1. Notice that a 
total of five S contacts are needed during the starting period. Contactors that contain 
five load contacts can be purchased, but they are difficult to obtain and expensive. 
For this reason, two three phase contactors will be employed to provide the needed 
load contacts. This can be accomplished by connecting the coils of S1 and 82 contac- 
tors in parallel with each other. 


Circuit Operation 


When the START button is pressed, coils CR, TR, $1, and S2 energize. When the 
Sl and S2 load contacts close, the motor is connected to the center tap of the 


| L2 L3 
R 
$1 H1 ce on 5" 
: $2 
R 
$1 
S2 
$1 
© SD O 
Hi HS H2 H4 
R 
CONTROL TRANSFORMER 





Figure Exp. 16-1 Autotransformer starter. 
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Figure Exp. 16-2 Schematic diagram of basic 
autotransformer connection. 
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open delta autotransformer. Because the transform- 
ers have been center tapped, the motor is connected to 
one-half of the line voltage. A basic schematic diagram 
of this connection is shown in Figure Exp. 16-2. The 
normally closed S1 and S2 auxiliary contacts connected 
in series with R coil open to provide interlock and pre- 
vent R contactor from energizing as long as S1 or S2 is 
energized. 

After a period of time, TR timer reaches the end 
of its timing sequence and the two timed TR contacts 
change position. The normally closed TR contact 
connected in series with coils SI and S2 opens and 
de-energizes these contactors. This causes all S1 and 
S2 load contacts to open and disconnect the autotrans- 
former from the line. The normally closed S1 and S2 
auxiliary contacts connected in series with R coil are 
reclosed. 

When the normally open TR contact connected in se- 
ries with R coil closes, R contactor energizes and closes 
all R load contacts. This connects the motor directly to 
the power line. The normally closed R auxiliary contact 
connected in series with coils SI and §2 opens to provide 
interlock. The motor will continue to run until the STOP 
button is pressed or an overload occurs. 


Connecting the Circuit 


L} 1. 


OoOw Ov 


OOo 


Assuming that relay CR is an 8 pin control relay, and that timerTR is a 
Dayton model 6A855, place pin numbers beside the components of CR 
andTR in Figure Exp. 16-1. Circle the pin numbers to distinguish them 
from wire numbers. 


. Place wire numbers beside all circuit components in Figure Exp. 16-1. 


. Place corresponding wire numbers beside the components shown in 


Figure Exp. 16-3. Make certain to make the connection between H2 and 
H3 on the high voltage side of the control transformers. 


. Connect the control section of the circuit shown in Figure Exp. 16-1. 
. Set the timing relay for a 5-second delay. 


. After your instructor has inspected the circuit for proper operation, 


turn on the power and test the control section of the circuit for proper 
operation. 


7. Turn off the power. 
8. 
9: 


Connect the load section of the circuit. 


Turn on the power and test the circuit for proper operation. (Note: Con- 
nect a voltmeter across the motor or equivalent motor load terminals 
and monitor the voltage. When the circuit is first energized, the voltage 
applied to the motor should be one-half the full line value. After a 
5-second delay, the voltage should increase to full value.) 


. Turn off the power and disconnect the circuit. Return the components 


to their proper place. 
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L1 2 L3 





Figure Exp. 16-3 Developing a wiring diagram. 
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biiiReview Questions 


1. How does the autotransformer reduce the amount of starting current to a 
motor? 


2. Is the autotransformer used in this exercise connected as a wye, delta, or 
open delta? 


3. What is the advantage, if any, of using an open delta connection as opposed 
to a closed delta or wye? 


4. Assume that the line-to-line voltage in Figure Exp. 16-1 is 480 volts. Also 
assume that when the START button is pressed, the motor starts with 240 
volts applied to the motor. When the START button is released, however, the 
motor stops running. Which of the following could cause this problem? 

a. S1 coil is open. 
b. CR coil is open. 
c. TR coil is open. 
d. The STOP push button is open. 


5. Refer to the circuit shown in Figure Exp. 16-1. When the START button is 
pressed, nothing happens for a period of 5 seconds. After 5 seconds, the 
motor suddenly starts with full voltage connected to it. Which of the follow- 
ing could cause this problem? 

a. CR coil is open. 

b. TR coil is open. 

c. R coil is open. 

d. R normally closed auxiliary contact is open. 
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Iii \dentifying the Leads 
of a Three Phase, 
Wye-Connected, 
Dual-Voltage Motor 


The terminal markings of a three-phase motor are stan- 
dardized and used to connect the motor for operation on 
240 or 480 volts. Figure A—1 shows these terminal mark- 
ings and their relationship to the other motor windings. 
If the motor is to be connected to a 240-volt line, the 
motor windings are connected parallel to each other as 
shown in Figure A-2. If the motor is to be operated on a 
480-volt line, the motor windings are connected in series 
as shown in Figure A-3. 


T6 T4 
T9 17 


T8 
T5 


T2 


Figure A—1 Standard terminal markings for a three-phase motor. 


As long as these motor windings remain marked 
with the proper numbers, connecting the motor for 
operation on a 240- or 480-volt power line is relatively 
simple. If these numbers are removed or damaged, 
however, the leads must be reidentified before the mo- 
tor can be connected. The following procedure can be 
used to identify the proper relationship of the motor 
windings. 


1. Using an ohmmeter, divide the motor windings into 
four separate circuits. One circuit will have continu- 
ity to three leads, and the other three circuits will 
have continuity between only two leads (Figure 
A-1). Caution: the circuits that exhibit continuity be- 
tween two leads must be identified as pairs, but do not 
let the ends of the leads touch anything. 


2. Mark the three leads that have continuity with each 
other as T7, T8, and T9. Connect these three leads 
to a 240-volt, three-phase power source (Figure 
A-4). (Note: Since these windings are rated at 
240 volts each, the motor can be safely operated on 
one set of windings as long as it is not connected to 
a load.) 


3. With the power turned off, connect one end of one 
of the paired leads to the terminal marked T7. Turn 
the power on, and using an AC voltmeter set for a 
range not less than 480 volts, measure the voltage 
from the unconnected end of the paired lead to ter- 
minals T8 and T9 (Figure A—S). If the measured 
voltages are unequal, the wrong paired lead is 
connected to terminal T7. Turn the power off, and 
connect another paired lead to T7. When the correct 
set of paired leads is connected to T7, the voltage 
readings to T8 and T9 will be equal. 
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Figure A-2 Low voltage connection. 





Figure A-3 High voltage connection. 


4. After finding the correct pair of leads, a decision 


must be made as to which lead should be labeled 
T4 and which should be labeled T1. Because an 
induction motor is basically a transformer, the phase 
windings act very similar to a multiwinding auto- 
transformer. If terminal T1 is connected to terminal 
T7, it will operate similar to a transformer with its 
windings connected to form subtractive polarity. If 
an AC voltmeter is connected to T4, a voltage of 
about 140 volts should be seen between T4 and T8 
or T4 and T9 (Figure A—6). 


ee 


If terminal T4 is connected to T7, the winding 
will operate similar to a transformer with its wind- 
ings connected for additive polarity. If an AC volt- 
meter is connected to T1, a voltage of about 360 volts 
will be indicated when the other lead of the voltmeter 
is connected to T8 or T9 (Figure A~7). 

Label leads T1 and T4 using the preceding pro- 
cedure to determine which lead is correct. Then dis- 
connect and separate Tl and T4. 
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L141 L2 L3 


T9 17 





Figure A-6 11 connected to 17. 


Figure A—4 17, 18, and T9 connected to a three phase, 240-volt 
line. 


u1 L2 L3 





Figure A-7 14 connected to T7. 


Figure A-5 Measure voltage from unconnected paired lead to 


T8 and T9. 

5. To identify the other leads, follow the same basic pro- which is T5 or T2 by measuring for a high or low volt- 
cedure. Connect one end of one of the remaining pairs age. When T5 is connected to T8, about 360 volts can 
to T8. Measure the voltage between the unconnected be measured between T2 and T7 or T2 and T9. 
lead and T7 and T9 to determine if it is the correct 
lead pair for terminal T8. When the correct lead pair is 6. The remaining pair can be identified as T3 or T6. When 
connected to T8, the voltage between the unconnected T6 is connected to T9, a voltage of about 360 volts can 
terminal and T7 or T9 will be equal. Then determine be measured between T3 and T7 or T3 and T8. 


Copyright 21? Congave Learning. All Rights Reserved. May not he copied. scanned. er duplicated. in whole er in part. Duc te cloctrenic rights. seme third party ventent may be suppressed from the eBook aidaéor oC hapterfs). 
Editorial review has decmed that any suppressed aonttent dees net materially affect the secrall leaming experience. Cengage Learning reserves the right te rome additional onntent at any time if subsoquent rights restrictions require it. 


628 @ Appendix 








Figure A-8 Ohm's Law formulas. 
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SWITCHES 


CIRCUIT BREAKER 
W/THERMAL AND 
MAGNETIC O.L. 


CIRCUIT CIRCUIT BREAKER} CIRCUIT BREAKER 


DISCONNECT INTERRUPTER | WTHERMALO.L. | W/MAGNETIC OL. 


HELD CLOSED | HELD OPEN 


FLOW SWITCH 
(AIR, WATER, ECT.) 
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women |___2rosmon | aroamiow —[aroamon —[—~—«SPORSEL URHUTTON 


OR 
° 
sorron— [apron 


3 POSITION ; AZ FREE DepReSD [FREE] DEPRES 


1 - CONTACT CLOSED 1 - CONTACT CLOSED 


1- CONTACT CLOSED 


MOMENTARY CONTACT INDICATE COLOR BY LETTER 


aS ae MUSHR\ WOBBLE ONE NON PUSH-TO-TEST| PUSH-TO-TEST 
Dove. a Stick | ILLUMINATED SINGLE DOUBLE 
CKT. ; 
a lee ie 


° ° ° ° 


TIMED CONTACTS - CONTACT 
ACTION RETARDED WHEN COIL IS 








TRANSFORMERS A.C. MOTORS 


| _ AUTO _|IRON CORE] AIR CORE [CURRENT] SINGLE | SHIMSE WOUND |apmarupe| SHUNT | SERIES | COMM.OR 
VOLTAGE PHASE CRBS ROTOR FIELD | FIELD 
CAGE FIELD 
(sHow4 | (sHow3 | (SHOW2 
(aa eee LOOPS) | LOOPS) 


a a eo oy vecmee| me] a Se | capacitors | 


NOT WIRING ADJBY | RHEOSTAT 
CONNECTED | CONNECTED | rower | CONTROL | TERMINAL eosauca FIXED POT OR FIXED ADJ 
TAPS ADJ TAP 


ee -(RES + 

INTERLOCK 4 (— 
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HEATING 
ELEMENT 
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| sPeeDeLucaine) | | sPeeDeLucaine) | ANTI-PLUG BELL =a SIREN ECT. METER SHUNT RECTIFIER aes | | earrey | 
F 


| Teese | 
TYPE BY 
Neca 


Figure A-9 Standard wiring diagram symbols. 
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AC Alternating current. 

Across-the-line Method of motor starting which con- 
nects the motor directly to the supply line on starting 
or running. (Also called Full Voltage Control.) 

Automatic Self-acting, operating by its own mecha- 
nism when actuated by some triggering signal such as 
a change in current strength, pressure, temperature, 
or mechanical configuration. 

Automatic Control Employs the use of pilot sensing 
devices but does not require an operator to initiate 
each change of action. 

Bimetal Strip A strip made by bonding two unlike met- 
als together that, when heated, expand at different 
rates. This causes a bending or warping action. 

Blowout Coil Electromagnetic coil used in contac- 
tors and starters to deflect an arc when a circuit is 
interrupted. 

Cad Cell A device that changes its resistance with a 
change of light intensity. 

CamTimers Also known as sequence timers. Used to 
provide a continuous timing operation by the setting of 
adjustable cams. 

Capacitor A device made with two conductive plates 
separated by an insulator or dielectric. 

Cardiopulmonary Resuscitation (CPR) A method of 
alternating closed heart massage and artificial respira- 
tion for a person that is not breathing and has no pulse. 

Circuit Breaker Automatic device that opens under 
abnormal current in carrying circuit; circuit breaker 
is not damaged on current interruption; device is 
ampere, volt, and horsepower rated. 

ClockTimer A time-delay device that uses an electric 
clock to measure the delay period. 

Coil Clearing Contacts Contacts used to prevent power 
being continuously supplied to the coil of a latching 
type relay. 

Collector The semiconductor region of a transistor which 
must be connected to the same polarity as the base. 
Confined Spaces Spaces that have very limited 

entrance and exit. 


Contactor A device that repeatedly establishes or 
interrupts an electric power circuit. 

Current Limit A setting that limits the amount of cur 
rent a controller can supply. 

Current Relay A relay that functions at a predetermined 
value of current. A current relay may be either an over 
current relay or an undercurrent relay. 

Dashpot Consists of a piston moving inside a cylinder 
filled with air, oil, mercury, silicon, or other fluid. Time 
delay is caused by allowing the air or fluid to escape 
through a small orifice in the piston. Moving contacts 
actuated by the piston close the electrical circuit. 

DC Direct current. 

De-energized Circuit A circuit that has no power 
applied to it. 

Delta Connection A circuit formed by connecting three 
electrical devices in series to form a closed loop. Most 
often used in three-phase connections. 

Diode A solid state device that performs the function 
of an electric check valve by permitting current to flow 
through it in only one direction. 

Diodes A two-element device that permits current to 
flow through it in only one direction. 

Direct Current (DC) A type of current that does not 
reverse polarity or direction of current flow. 

Dynamic Braking A method of braking a motor using 
magnetic fields. 

Eddy Currents Circular induced currents contrary to the 
main currents; a loss of energy that shows up in the 
form of heat. 

Electronic Timers Timers that employ electronic com- 
ponents to produce a time delay. 

Emitter The semiconductor region of a transistor which 
must be connected to a polarity different than the 
base. 

Energized Circuit A circuit that has power applied to it. 

Fire-Retardant Clothing Clothing that is treated with 
chemicals that reduce its ability to burn. 

Floating System A control system that does not have 
one side grounded. 
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Fuse An overcurrent protective device with a fusible 
member, which is heated directly and destroyed by 
the current passing through it to open a circuit. 

Ghost Voltages Voltages that can appear on high 
impedance voltmeters that are caused by induction 
from surrounding magnetic fields. 

Grounded System A control system that has one side 
connected to ground. 

Holding contact A contact used to maintain the circuit 
when the start push button is released. 

Horsepower Measure of the time rate of doing work 
(working rate). 

Hysteresis Loss A type of power loss created by a mag- 
netic field changing polarity at regular intervals. 

Idiot Proofing Designing a piece of equipment so that it 
cannot be misused or connected in an incorrect manner. 

IEC International Electrotechnical Commission. 
A European organization that sets standards for 
electrical equipment. 

Inching (jogging) Momentary operations; the quickly 
repeated closure of the circuit to start a motor from 
rest for the purpose of accomplishing small move- 
ments of the driven machine. 

Interlocking A method of preventing actions from tak- 
ing place at the same time. 

Internal relays Relays that exist only in the program of 
a programmable logic controller. 

International Electrotechnical Commission (IEC) 
A European organization that sets standards for 
electrical equipment. 

Inverter Rated A motor that is designed to be used 
with variable frequency controls. 

Jogging (inching) Momentary operations; the quickly 
repeated closure of the circuit to start a motor from 
rest for the purpose of accomplishing small move- 
ments of the driven machine. 

Kick-Back Diode A diode used to eliminate the voltage 
spike induced in a coil by the collapse of a magnetic field. 

Latch Coil The coil of a latching type contactor or relay 
that causes the contacts to close and lock in place. 

Latching Contactors and Relays A type of contactor or 
relay that mechanically locks the contacts in the open 
or closed position after the power has been removed. 

Leakage current The current that flows through an 
unintended path. 

Lenz’s Law_ A basic law concerning magnetism that ba- 
sically states that induced voltages and currents op- 
pose the force that produces them. 

Locked Rotor Torque (of a motor) The minimum 
torque that a motor will develop at rest for all angular 
positions of the rotor with the rated voltage applied at 
a rated frequency. (ASA) 

Lockout and Tagout The act of placing a lock and warn- 
ing tag on the disconnect of a piece of equipment that 
is not to be energized. 


Magnet Braking Friction brake controlled by electro- 
magnetic means. 

Magnetic Field The space in which a magnetic force 
exists. 

Maintaining contact See holding contact. 

Manual Control Characterized by the fact that an oper 
ator must go to the location of the controller to initiate 
any change in the control circuit. 

Material Safety Data Sheets (MSDS) Written mate- 
rial supplied by various manufacturers that list safety 
information about a particular product. 

Maximum Hertz The highest frequency a controller will 
produce. 

Meter A device for measuring some quantity such as 
voltage, current, resistance, etc. 

Milliamperes (mA) 1/1000 of an ampere (0.001 ampere). 

Minimum Hertz The lowest frequency a controller will 
produce. 

Molecular Friction Heat produced by molecules con- 
tinually changing direction due to alternating magnetic 
fields. 

MOV (Metal Oxide Varistor) An electronic component 
that changes its resistance in accord with an amount 
of voltage. 

National Electrical Code (NEC) A recognized authority 
on the safe installation of electrical wiring. Generally 
used by federal, state, and local authorities in estab- 
lishing their own laws and ordinances concerning the 
installation of electrical wiring. 

NEMA _ National Electrical Manufacturers Association. 

Normally Closed A switch in the closed or on position 
when the circuit is de-energized. 

Normally Closed Held Open A switch connected nor 
mally closed but the contacts are being held open 
when the circuit is de-energized. 

Normally Open A switch in the open or off position 
when the circuit is de-energized. 

Normally Open and Normally Closed VVhen applied to 
a magnetically-operated switching device, such as a 
contactor or relay, or to the contacts of these devices, 
these terms signify the position taken when the oper 
ating magnet is de-energized. The terms apply only to 
nonlatching types of devices. 

Normally Open Held Closed A switch that is connected 
normally open but the contacts are held closed when 
the control circuit is de-energized. 

Off-Delay A timer in which the contacts change posi- 
tion immediately when the coil or circuit is energized, 
but delay returning to their normal positions when the 
coil or circuit is de-energized. 

On-Delay A timer in which the contacts delay chang- 
ing position when the coil or circuit is energized, but 
change back immediately to their normal positions 
when the coil or circuit is de-energized. 

OpAmp_ Operational amplifier. 
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Photodetectors Devices used to detect the presence 
or absence of light. 

Photodiode A diode that conducts in the presence of 
light, but not in darkness. 

Plugging The act of starting a motor with short jabs of 
power. 

PneumaticTimer A device that uses the displacement of 
air in a bellows or diaphragm to produce a time delay. 

Poles The output or input terminal of a switch. 

Potentiometer A variable resistor with a sliding con- 
tact, which is used as a voltage divider. 

Pushbutton A switch with open or closed contacts that 
change position when a button is pressed. 

Ramping Accelerating or decelerating a motor over 
some period of time. 

Rectifier A device used to changes alternating current 
into direct current. 

Relays Operated by a change in one electrical circuit to 
control a device in the same circuit or another circuit; 
rated in amperes; used in control circuits. 

Resistance Start Induction Run Motor One type of 
split-phase motor that uses the resistance of the start 
winding to produce a phase shift between the current 
in the start winding and the current in the run winding. 

Resistor A device used primarily because it possesses 
the property of electrical resistance. A resistor is used in 
electrical circuits for purposes of operation, protection, or 
control; commonly consists of an aggregation of units. 

Scaffolds Portable structures that can be assembled to 
provide a high working platform 

Schematic Diagram A control diagram that shown 
components in their electrical sequence without 
regard for physical location. 

SCR _ Silicon Controlled Rectifier. 

Sealing Contacts See holding contacts. 

Semi-Automatic Control Employs the use of pilot 
sensing devices. An operator is required to initiate 
changes in the action of the control circuit. 

Service Factor (of a general-purpose motor) An 
allowable overload; the amount of allowable overload is 
indicated by a multiplier which, when applied to a normal 
horsepower rating, indicates the permissible loading. 

Shaded-Pole Motors Single-phase induction motors 
provided with an auxiliary short-circuited winding 
or windings displaced in magnetic position from the 
main winding. (NEMA) 

Slip The difference in speed between the rotating mag- 
netic field and the rotor of a motor. 

Solder Pot See Eutectic Alloy. 

Solenoid An electromagnetic with a movable metal 
core the changes electrical energy into linear mechani- 
cal motion. 
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Solid-State Devices Electronic components that 
control electron flow through solid materials such 
as crystals; e.g., transistors, diodes, integrated 
circuits. 

Solid-State Relay A relay that controls current flow 
with a solid state device instead of mechanical 
contacts. 

Split phase A type of single-phase motor that produces 
a separate phase to create a rotating magnetic field. 
Stealer Transistor A transistor used in such a man- 
ner as to force some other component to remain 
in the off state by shunting its current to electrical 

ground. 

Step-Down Transformer A transformer that produces a 
lower voltage at its secondary winding than is applied 
to its primary winding. 

Switch A mechanical or electrical devices that com- 
pletes or breaks an electric circuit, or sends it on a dif- 
ferent path. 

Synchronous Speed The speed of the rotating mag- 
netic field of an AC induction motor. 

Thermistor An electronic device that changes it 
resistance in accord with temperature. 

Thyristor An electronic component that has only two 
states of operation, on and off. 

Transformer An electromagnetic device that converts 
voltages for use in power transmission and operation 
of control devices. 

Transistor A solid-state device made by combin- 
ing three layers of semiconductor material. A small 
amount of current flow through the base-emitter can 
control a larger amount of current flow through the 
collectoremitter. 

Triac An electronic device used to control alternating 
current. 

Unijunction Transistor (UJT) A special transistor that is 
a member of the thyristor family of devices and oper 
ates like a voltage-controlled switch. 

Unlatch Coil The coil of a latching type contactor or 
relay that causes the contacts to open. 

Volt/Voltage An electrical measure of potential differ- 
ence, electromotive force, or electrical pressure. 

Volts per Hertz A control that regulates the output volt- 
age in accord with the frequency. 

WatchdogTimer A time used to prevent a programma- 
ble controller from becoming locked in a loop. 

Wiring Diagram A diagram that shows a pictorial repre- 
sentation of components with connecting wires. 

Wye Connection A connection of three components 
made in such a manner that one end of each compo- 
nent is connected. This connection generally connects 
devices to a three-phase power system. 
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AC. See Alternating current (AC) motors 
Across-the-line motor starting, 23-25 
of direct current motors, 246-249 
function of, 243 
of three-phase alternating current 
motors, 243-246 
Air flow switches, 185-186 
Air timers, 142-143 
Alcohol, 4 
Alternating current (AC) motors, 
311-313 
centrifugal switch in, 299-300 
conductor size for, 399-401 
current relay in, 301-302 
direction of rotation in, reversing, 
304-305 
dual voltage, 303-304 
function of, 297 
hot-wire starting relay in, 300-301 
motor current for, 395-399 
multi-speed, 305-307 
multi-speed fan, 307-308 
potential starting relay in, 303 
reactor starting for, 251-256 
resistor starting, 251-253 
solid-state starting relay in, 
302-303 
split phase, 297-299 
step starting, 253-256 
variable voltage control in, 357 
Alternators, 371 
Ammeter, 455-456 
Amortisseur winding, 331 
Ampacities, 401 
Analog sensors 
differential amplifier for, 438 
grounding for, 437 
installation of, 436-437 
for programmable logic controller, 
435-438 
shield cable for, 437 
Arc flash, 8 
Armature power supply, 364-365 
Armature windings, 285-286 


Artificial respiration, 4 
Automatic motor controls systems, 23 
Automatic motor starting, 333 
Automatic operation of manual starters, 
46-49 
Automatic sequence control, 154-157 
Automatic shutdown, 283 
Autotransformer motor starting 
function of, 259 
practicing, 619-622 
process for, 259-260 
for squirrel cage type motors, 259 
transition, 260-264 


Bimetal strip, 54, 56-58, 198-200 
Blowout coil, 78-79 
Body, electric current effects of, 4-5 
Braking/brakes 
disc, 309 
dynamic, 309-313 
magnetic, 309 
mechanical, 309-311 
plugging of, 313-318 
Bridge type relays, 70-71 
Brushless exciter, 332 
Bubbler system for float switches, 
181-184 


Cc 


Cad cell, 222 

Cam timers, 144 

Capacitive proximity detectors, 216 

Capacitor, 147 

Capacitor start capacitors run motors, 
297-299, 357 

Capacitor start inductions run motors, 
297-299 

Capacity of motor starters, 82-83 

Cardiopulmonary resuscitation (CPR), 4 

Central processing unit (CPU), 418 

Centrifugal switch, 299-300 

CFM. See Condenser fan motor (CFM) 

Chain operated float switches, 179-180 


Check, test, check procedure, 457 
Circuit breakers, 12, 53 
Circuit protection, 25 
Circuits. See also specific types of 
Darlington amplifier, 221 
de-energized, 3, 457 
dead, 3 
energized, 7, 457 
inching, 137-139 
logic of, 427-429 
off-delay, 424-425 
oil pressure pump, 613-617 
operation of, 427-429 
in PLC program, 427-429 
point-to-point connection of, 
237-238 
Class A fires, 11 
Class B fires, 11 
Class C fires, 11 
Class D fires, 11 
Clock timers, 143-144 
Closed transition starting, 272-274 
Clothing, 8-9 
Coil clearing contacts, 81 
Coil voltage, 78 
Coils, 41 
blowout, 78-79 
latch, 80-81 
shading, 72-73 
unlatch, 80-81 
Collector, 374 
Combustion, 11 
COMP. See Compressor relay (COMP) 
Competency, 5 
Compound direct current motors, 289 
Compounding 
under, 291 
controlling of, 291 
cumulative, 291-292 
defined, 291 
differential, 291-292 
in direct current motors, 290-293 
flat, 291 
over, 291 
testing for, 292-293 
Compressor, 613-617 
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Compressor relay (COMP), 186 
Condenser fan motor (CFM), 185-186 
Conductor size, 399-401 
Confined spaces, safety in, 6 
Connection diagrams, 394-395 
Consequent pole motors, 307 
four-speed, 348-353 
function of, 339 
stator poles in, 339 
synchronous speed of, 339 
three-speed, 343-348 
two-speed, 339-341 
Contact symbols, 41 
Contactors, 77-80 
coil voltage in, 78 
defined, 69 
latching, 80-81 
load contacts, 78-79 
mechanically held, 80-82 
NEMA standards for, 78 
obtaining, 77-78 
vacuum, 80 
Contacts 
coil clearing, 81 
on delay timed, 41 
holding, 101-102 
instantaneous, 143 
load, 78-79 
maintaining, 101-102 
normally open, 64-65 
off delay timed, 41 
permissive, 153-154 
pressure switches for activation of, 
169-170 
sealing, 101-102 
timed, 41 
Control circuits 
developing, 441-452 
in oil heating unit, 448-452 
troubleshooting, 455-474 
in two pump motors, 441-445 
in wound rotor induction motor, 
speed control and, 445-448 
Control equipment, 22 
Control relays 
electromagnets in types of, 73-74 
jogging circuits using, 135-137 
for pressure switches, 172-175 
timing relays, differentiating 
between, 141 
Control system symbols, 42-43 
flow switches, 187-189 
limit switches, 191-192 
NEMA, provided by, 29, 42 
for temperature sensing devices, 
205 
Control transformer 
in floating control systems, 94 
function of, 94 


in grounded control systems, 94 
multi-tapped, 92-93 
transformer fusing, 94-96 
windings of, 91-92 
Controller, types of, 21 
Controls. See also specific types of 
hydraulic press, 583-591 
practicing, 483-494 
Core losses, 71-72 
Counter torque, 311 
Counters, 423-424 
CPR, See Cardiopulmonary 
resuscitation (CPR) 
CPU. See Central processing unit (CPU) 
CT. See Current transformer (CT) 
Cumulative compounding, 291-292 
Current limit control, 366-367 
Current relay, 301-302 
Current sensors, 210-211 
Current transformer (CT), 260 
Currents 
direct motor, 247, 395 
eddy, 71, 359-361 
electric, 4-5 
excitation, 332 
full load, 387 
leakage, 25, 203, 303 
locked-rotor, 53, 246, 402 
motor, 395-399 
motor starting, 53 
swirling, 71 


D-ring, 8-9 
Darlington amplifier circuit, 221 
Dashpot magnetic overload relays, 
61-63 
Dashpot oil, 61 
Dashpot timer, 61 
Dayton model 6A855 timer, 480-481 
DBR. See Dynamic brake relay (DBR) 
DC. See Direct current (DC) motors 
De-energized circuits, 3, 457 
Dead circuits, 3 
Death, 4 
Delta connection, 267-268 
Design codes by NEMA’s, 393 
Diagrams. See specific types of 
Differential amplifier, 438 
Differential compounding, 291-292 
Differential pressure switches, 170-171 
Diodes, 204-205 
freewheeling, 364 
function of, 26 
kickback, 364 
light emitting, 75 
Direct current (DC) motors 
across-the-line starting of, 246-249 


armature windings in, 285-286 
compound, 289 
compounding in, 291-293 
dynamic braking for, 309-311 
external shunt field control in, 
290-291 
field loss relay in, 289-290 
fielding windings in, 285 
functions of, 285 
rotation in direction of, 293-295 
series, 286-287 
shunt, 287-288 
Direct current generator, 332-333 
Direct motor current, 247-248, 395 
Disc brakes, 309 
Disconnection, 3, 45 
Double-acting push buttons, 30-31, 
133-135 
Double-face magnetic crutch, 359 
Drugs, 4 
Dual element fuses, 53-54 
Dual-voltage connections, 269-270 
Dual-voltage motors, 281, 625-629 
Dual-voltage single phase motors, 
303-304 
Duty cycle, 390 
Dynamic brake relay (DBR), 312 
Dynamic braking, 309-311 
advantages of, 309 
for alternating current motors, 
311-313 
for direct current motors, 311 


Earmuffs, 8 
Earplugs, 8 
Eddy currents, 71, 359-361 
EFM. See Evaporator fan motor (EFM) 
8 pin electronic timers, 144-146 
Electric currents, 4-5 
Electrical interlocking, 123-126 
Electrical pressure, 457. See a/so Voltages 
Electrical symbols, 42 
Electrode, 82 
Electromagnetic clutch, 359 
Electromagnets 
construction of, 71-77 
in control relay, types of, 73-74 
core losses of, 71-72 
in shading coils, 72-73 
in solid-state relays, 74-77 
Electronic magnetic overload relays, 
60-61 
Electronic timers, 144-146 
construction of, 147-148 
8 pin, 144-146 
11 pin, 146-147 
function of, 144-146 
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internal, 147-148 
on-delay, transitioning into 
off-delay, 148-150 
11 pin electronic timers, 146-147 
Emitter, 374 
Employee responsibilities for on the job 
safety, 5 
Enclosures, 387-390 
Energized circuits, 7, 457 
Environment considerations for motor 
and control equipment, 21 
Evaporator fan motor (EFM), 186 
Excitation current, 332 
Extension cord, GFCI, 12 
External shunt field control, 290-291 
Eye protection, 8 


i 


Face shield, full, 8 
FET. See Field effect transistor (FET) 
Fibrillation, 5 
Field contactor, 333-334 
Field discharge resistor, 332 
Field discharge switch, 332 
Field effect transistor (FET), 204-205, 
374 
Field failure control, 364-366 
Field loss relay (FLR), 289-290 
Fielding windings, 285 
Fire extinguishers, 11 
Fire-retardant clothing, 8 
Fires, 11 
First aid, knowledge of, 4 
Flashing lights 
multiple, 593-594 
triple, 597-599 
Flat compounding, 291 
Float switches, 40-41 
bubbler system for, 181-184 
chain operated, 179-180 
function of, 179 
mercury bulb, 180-181 
motor controls systems installation 
of, 235-236 
rod operated, 179 
Floating control systems, 94 
Flow switches, 40-41, 187-189 
air, 185 
function of, 185-187 
liquid, 185 
motor control symbols for, 
187-189 
FLR. See Field loss relay (FLR) 
Forward-reverse circuits 
interlocking in, 121-126 
NEMA, requirements for, 121 
practicing, 517-524 
wiring diagram for, 127-130 


Four-speed consequent pole motors, 
348-353 

Fractional horsepower single phase 
starters, 45-46 

Frame numbers, 386-387 

Freewheeling diode, 364 

Frequency, measuring of, 385 

Frequency control, 326-330 

Frogleg wound armatures, 285-286 

Fuel, 11 

Full face shield, 8 

Full load current, 387 

Fuses, 53 


G 


Gate Turn Off (GTO), 376-377 
GFCI. See Ground-fault circuit 
interrupters (GFCIl) 
Ghost voltages, 94 
Gloves, 8 
Grainger Industrial Supply, 480-481 
Ground-fault circuit interrupters (GFCI), 
11-13 
devices for, 12 
extension cord, 12 
function of, 11-12 
Ground-fault receptacles, 12 
Grounded control systems, 94 
Grounding, 13 
for analog sensing, 437 
importance of, 13 
requirements for, 13 
GTO. See Gate Turn Off (GTO) 


Hall, Edward H., 207 

Hall effect limit switches, 210 

Hall effect sensors, 207-211 

Hall effect switches, 41 

Hall generator 
application of, 208-211 
for current sensors, 210-211 
for line transducers, 211 
for motor speed sensor, 208-209 
for position sensor, 209-210 
voltage produced by, 211 

Hand, work with only one, 4 

Hand-off-automatic (HOA) switches, 

35-36 

Hanging scaffolds, 10 

Hard hat, 7 

Hazardous materials, 5 

Hazardous Materials Response Team 

(HAZMAT), 5 

Head protection, 7 

Hearing protection, 8 

Holding contact, 101-102 
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Horseplay, 3 

Horsepower, 384-385, 473 

Hot-wire starting relay, 198, 300-301 
Hydraulic press control, 583-591 
Hysteresis loss, 71 


\/O capacity, 421 
I/O racks, 420 
Idiot proofing, 3 
IEC. See International Electrotechnical 
Commission (IEC) 
IGBT. See Insulated Gate Bipolar 
Transistor (IGBT) 
Illuminated push buttons, 34 
Inching, 25 
Inching circuits, 133, 137-139 
Induction, 386 
Input module, 421-422 
Instantaneous contacts, 143, 
552-553 
Insulated Gate Bipolar Transistor 
(IGBT), 374-375 
Insulation, classifications of, 394 
Interlocking, 121 
electrical, 123-126 
mechanical, 122-123 
Internal electronic timers, 147-148 
Internal relays, 422-423 
International Electrotechnical 
Commission (IEC), 22, 42, 
83-88 
vs. NEMA symbols, 42-43 
Inverter rated motors, 375 


J 


Jogging, 25 
Jogging circuits 
NEMA, defined by, 133 
practicing, 537-547 
selector switch, controlled by, 
137-138 
using control relays, 135-137 
using double-acting push buttons, 
133-135 
Johns Hopkins University, 207 
Jokes, 3 


K 


Kevlar gloves, 8 
Kickback diode, 364 


L 


Ladder diagrams, 39-40 
Ladders, 9-11 
Lap wound armatures, 285-286 
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Large horsepower motors, protection 
of, 65-67 
Large schematics diagrams, reading, 
229-234 
Latch coil, 80-81 
Latching contactors, 80-81 
Latching relays, 80-81 
Leads, 625-628 
Leakage currents, 25, 203, 303 
Leather gloves with rubber inserts, 8 
LED. See Light emitting diode (LED) 
Lenz’s Law, 26 
Light emitting diode (LED), 75 
Limit switches, 40, 191-195 
application of, 194-195 
function of, 191-192 
Hall effect, 210 
micro, 192-193 
motor control symbols for, 192 
sub-miniature micro, 193-194 
Linear transducers, 211 
Liquid flow switches, 185, 186 
Load contacts, 78-79 
Load contacts contactors, 78-79 
Locked rotor code letter, 392 
Locked-rotor current, 53, 246, 402 
Lockout and tagout procedures, 6-7 


mA. See Milliamperes (mA) 
Magnecraft, 480-481 
Magnetic brakes, 309 
Magnetic crutch, 309 
double-face, 359 
electromagnetic, 359 
function of, 359 
single-face, 359 
Magnetic fields, 285 
Magnetic overload relays, 60-63 
dashpot, 61-63 
electronic, 60-61 
Maintaining contact, 101-102 
Manual control, 324-326 
Manual motor controls systems, 22 
Manual plugging, 313-318 
Manual push button starters, 49-50 
Manual starters 
automatic operation of, 46-48 
fractional horsepower single phase 
starters, 45-46 
manual push button starters, 
49-50 
mounting, 46 
troubleshooting, 50-51 
Manufacturer’s name on nameplate, 
384-385 
Material Safety Data Sheets (MSDS) 
function of, 5-6 


hazardous materials, information 
on, 5 
for safety, on the job, 5-6 
MCC. See Motor control center (MCC) 
Mechanical brakes, 309-311 
Mechanical interlocking, 122-123 
Mechanical problems, troubleshooting, 
472 
Mechanically held contactors, 80-82 
Mechanically held relays, 80-82 
Mercury bulb float switches, 180-181 
Mercury relays, 82-84 
Mercury thermometer, 198 
Metal bellows type pressure switches, 
169-170 
Metal detectors, 213-215 
Metal expansion, 197-202 
bimetal strip for, 198-200 
factors for, 197-198 
hot-wire starting relay for, 198 
mercury thermometer and, 198 
process for, 197-198 
thermocouples for, 200-202 
Metal oxide varistor (MOV), 25-26, 421 
Meters, testing, 3 
Micro limit switches, 192-193 
Micro switch, 192-193 
Microwave level gauge for float 
switches, 183-184 
Milliamperes (mA), 4 
Model numbers, 394 
Molecular friction, 71-72 
Motor connections, 20 
Motor control center (MCC), 457 
in motor starters, 88 
push buttons, 29-37 
in schematic diagram, 29-43 
for sensing devices, 40-43 
switch symbols, 38-39 
Motor control equipment 
controller, types of, 21 
environment for, considerations 
for, 21 
installation of, 19-22 
motor connections, 20 
NEC® codes for, 22 
OSHA standards for, 21-22 
power source, 20 
Motor controls symbols, 187-189, 
191-192 
Motor controls systems 
automatic, 23 
equipment in, installation of, 
19-22 
functions of, 23-26 
inching, 25 
installing (See Motor controls 
systems installation) 
jogging, 25 


large schematics diagrams, 
information about, 229-234 
manual, 22 
protection of, 25-26 
semiautomatic, 22 
speed control of, 25 
starting, 23-25 
stopping, 25 
types of, 22-23 
Motor controls systems installation, 
235-240 
circuits, point-to-point connection 
of, 237-238 
of control components, 235-236 
of float switches, 235-236 
methods of, 235 
terminal strips, use of, 238-240 
Motor current, 395-399 
for AC motors, 395-397 
direct, 395 
NEC, codes by, 395-399 
for three phase motors, 398-399 
for two phase motors, 397-398 
Motor efficiency, 393-394 
Motor installation 
conductor size for single motor, 
399-401 
locked-rotor current, 402-403 
manufacturer’s name, 384-385 
motor current, 395-399 
motor nameplate data, 383-384 
multiple, calculations for, 410-414 
overload size, 401-402 
problems related to, examples of, 
408-409 
Revolutions Per Minute, 385-395 
short-circuit, protection from, 
403-405 
starter, size of, 405-408 
Motor nameplate data, 383-384 
Motor speed sensor, 208-209 
Motor starters, 82-90. See also specific 
types of 
capacity of, 82 
current requirements for, 88-90 
function of, 82-83 
IEC codes for, 83-87 
motor control centers in, 88 
NEMA standards for, 83-87 
pole, 82-83 
size of, 405-406 
Motor starting current, 53 
Motor windings, 469-472 
Motors. See also specific types of 
overheating of, 472 
protection of, 25 
troubleshooting control circuits in, 
469-474 
types of, 386 
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Mounting manual starters, 46 

Mounting photodetectors, 224-226 

Mounting proximity detectors, 215-216 

Mouser Electronics, 481 

MOV. See Metal oxide varistor (MOV) 

MSDS. See Material Safety Data Sheets 
(MSDS) 

Multi-meters, 455 

Multi-speed fan single phase motors, 
307-308 

Multi-speed single phase motors, 
305-307 

Multi-tapped control transformer, 92-93 

Multiple flashing lights, designing, 
593-594 

Multiple motor installations, 
calculations for, 410-414 

Multiple START-STOP push button 
circuits, 115-118 

practicing, 509-516 
wiring diagrams for, development 

of, 115-118 

Mushroom head push buttons, 31-33 


National Electrical Code® (NEC®), 

12-13 

direct current motors, codes for, 
247 

disconnection, defined by, 45 

locked-rotor current, codes for, 
402 

motor and control equipment, 
codes for, 22 

motor current, codes for, 395-399 

overload relays, requirements of, 
58 

overload size, codes for, 401-402 

short-circuit protection, codes for, 
403-405 

termination temperatures, codes 
by, 399-401 

three-phase alternating current 
motors, codes for, 246 

transformer fusing, requirements 
by, 94 

National Electrical Manufacturers 

Association (NEMA) 

coil voltage, requirements of, 
77-78 

contactors, standards for, 77-78 

control equipment, influence on, 22 

control system symbols provided 
by, 29, 41, 187-189, 192, 205 

forward-reverse circuits, require- 
ments for, 121 

horsepower ratings by, 384-385 

vs. IEC symbols., 42-43 


inching circuits, defined by, 133 
jogging circuits, defined by, 133 
motor nameplate data, require- 
ments by, 383-384 
motor starters, standards for, 
82-86 
plugging, defined by, 313 
starter size, requirements of, 
405-408 
timing relays, requirements for, 142 
voltage, requirements for, 473 
National Fire Protection Association, 12 
NC. See Normally closed (NC) switch 
NCHO. See Normally closed held open 
(NCHO) switch 
NEC®. See National Electrical Code® 
(NEC®) 
Negative temperature coefficient (NTC), 
202-203 
NEMA. See National Electrical Manu- 
facturers Association (NEMA) 
Newark Electronics, 481 
NO. See Normally open (NO) switch 
NOHC. See Normally open held closed 
(NOHC) switch 
Normal speed, 363 
Normally closed held open (NCHO) 
switch, 38-39 
Normally closed (NC) switch, 38 
Normally closed push button, 29-30 
Normally open contacts, 64-65 
Normally open held closed (NOHC) 
switch, 38 
Normally open (NO) switch, 38 
Normally open push button, 30 
NTC. See Negative temperature 
coefficient (NTC) 


O 


Obtaining contactors, 77 
Occupational Safety and Health Act, 5 
Occupational Safety and Health 
Administration (OSHA) 
creation of, 5 
function of, 5 
motor and control equipment, 
standards for, 21-22 
safety on the job and, 5 
standards and procedures of, 
5-6, 8 
ODP. See Open Drip Proof (ODP) 
motors 
Off-delay circuits, 424-425 
Off-delay (DODE “Delay on De- 
Energize”) timing relays, 
141-142, 559-565 
Off delay timed contacts, 41 
Ohmmeter, 455-456, 462 
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Ohm’s law, 267-268 
Oil, dashpot, 61 
Oil heating unit, 448-452 
Oil pressure pump circuit, 613-617 
On-delay (DOE “Delay on Energize”) 
timing relays, 141-142, 
551-556 
On-delay electronic timers, 148-150 
On delay timed contacts, 41 
Op amps, 224 
Open Drip Proof (ODP) motors, 387 
Optoisolation, 75 
OSHA. See Occupational Safety and 
Health Administration (OSHA) 
Out-of-step relay, 334 
Output, 211 
Output module, 422 
Over compounding, 291 
Overload heaters, incorrect sizing of, 
473 
Overload protection, 280 
Overload relays 
dual element fuses, 53-54 
large horsepower motors, 
protection of, 65-67 
magnetic, 60-63 
NEC, requirements of, 58-60 
normally open contacts in, 64-65 
properties of, 53 
thermal, 54-60 
Overload setting, 274-276 
Overload size, 401-402 
Oxygen, 11 


P 


Part winding starters 
applications for, 281-283 
automatic shutdown of, 283 
defined, 279-280 
for dual voltage motors, 281 
function of, 279-280 
overload protection and, 280 
steps to, 282 

Partner, work with, 4 

PC. See Personal computer (PC) 

Permissive contacts, 153-154 

Permissive relay (PR), 341 

Personal computer (PC), 417 

Photo-silicon controlled rectifier, 

221-222 
Photo switches, 41 
Photoconductive photodetectors, 
222-224 

Photodetectors 
application of, 219, 226-228 
function of, 219 
mounting, 224-226 
photoconductive, 222-224 
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photoemissive, 221-222 
photovoltaic, 219-220 
Photodiode, 221 
Photoemissive photodetectors, 
221-222 
Phototransistor, 221 
Photovoltaic photodetectors, 219-220 
Piston type pressure switches, 169 
PLC. See Programmable logic 
controller (PLC) 
Plugging 
of brakes, 313-318 
manual, 313-318 
NEMA, defined by, 313 
Plugging switch, 314-315 
PN junction, 204-205 
Pneumatic timers, 142-143 
Polarized field frequency relay, 334-337 
Pole motors. See also specific types of 
four-speed consequent, 348-353 
shaded, 307 
three-speed consequent, 343-348 
two-speed consequent, 339-341 
Pole starters, 82-83 
Position sensor, 209-210 
Positive temperature coefficient (PTC), 
202-203 
Potential starting relay, 303-304 
Potentiometers, 377 
Power factor correction, 337 
Power source, 3, 20 
Power supplies, 363, 418 
PR. See Permissive relay (PR) 
Press control, 583-591 
Pressure expansion, 205-206 
Pressure sensors, 175-177 
Pressure switches, 40-41 
applications of common, 171-172 
circuit operation, 172 
connecting circuit, 172-175 
contacts for activation of, 169-170 
differential, 170-171 
function of, 169 
metal bellows type, 169 
piston type, 169 
as pressure sensors, 175-177 
Programmable logic controller (PLC), 
64-65, 144, 148 
analog sensing for, 435-436 
central processing unit in, 418 
components of, 417-425 
counters in, 423-424 
establishment of, 417 
I/O capacity in, 421 
I/O racks in, 420 
input module in, 421-422 
internal relays in, 422-423 
off-delay circuits in, 424-425 
output module in, 422 


personal computer, differentiation 
between, 417 
power supply for, 418 
programming terminal in, 418-420 
timers in, 423-424 
Programmable logic controller (PLC) 
program/programming, 
427-433 
circuits, operation of, 427-429 
considerations for, 433 
converting, 430-432 
development of, 429-430 
entering, 432-433 
Programming terminal, 418-420 
Protection 
circuit, 25 
eye, 8 
head, 7 
hearing, 8 
motor, 25 
of motor controls systems, 25-26 
safety and, 26 
surge, 25-26 
Protective clothing, types of, 7-9 
Proximity detectors 
application of, 213 
capacitive, 216 
metal detectors, 213-215 
mounting, 215-216 
ultrasonic, 216-217 
Proximity switches, 41 
PSCR 2 (pressure switch control relay 
#2), 171-172 
PTC. See Positive temperature 
coefficient (PTC) 
Pulse width modulation (PWM), 374 
Pumps, controlling triple, 601-610 
Push buttons, 29-37 
double-acting, 30-31 
hand-off-automatic switches, 
35-36 
illuminated push buttons, 34 
mushroom head, 31-33 
normally closed, 29-30 
normally open, 30 
push-pull buttons, 33-34 
selector, 36-37 
stacked, 31 
Push-pull buttons, 33-34 
PWM. See Pulse width modulation 
(PWM) 


Ramping, 25 

Ratiometric output, 211 

Reactor starting for AC motors, 
253-256 

Rectifier, 312 


Regulated output, 211 
Regulated voltage, 176 
Relays, 69-71. See also specific types 
of 
bridge type, 70-71 
compressor, 186 
current, 301-302 
dashpot magnetic overload, 61-63 
defined, 69-70 
dynamic brake, 312 
electronic magnetic overload, 
60-61 
field loss, 289-290 
function of, 69-70 
hot-wire starting, 198, 300-301 
internal, 422-423 
latching, 80-81 
magnetic overload, 60-63 
mechanically held, 80-82 
mercury, 82-84 
mercury-wetted contacts, 82 
off-delay timing, 141-142, 559-565 
on-delay timing, 141-142, 551-556 
out-of-step, 334 
permissive, 341 
polarized field frequency, 334-337 
potential starting, 303 
solder melting type thermal 
overload, 54-56 
solder pot overloads thermal 
overload, 54-56 
solid-state, 74-77 
solid-state starting, 302-303 
thermal overload, 54-60 
three phase thermal overload, 
58-60 
Reluctor, 208 
Resistance, 202-205 
Resistance start inductions run motors, 
297-299 
Resistance temperature detector (RTD), 
183, 202-205 
diode, 204-205 
PN junction, 204-205 
thermistors, 202-203 
Resistor starting for AC motors, 
251-256 
Resistors, 147, 332 
Revolutions per Minute (RPM), 385-395 
connection diagrams, 394-395 
design codes, by NEMA’s, 393 
duty cycle, 390 
enclosures, 387-390 
frame numbers, 386-387 
frequency, measuring of, 385 
full load current, 387 
insulation, classifications of, 394 
locked rotor code letter, 392 
model numbers, 394 
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for motor, types of, 386 
motor efficiency, 393-394 
phases of, 385-386 
serial numbers, 394 
service factor (SF), 391-392 
temperature, raised, 390-391 
voltage, 387 
Rod operated float switches, 179 
Rolling scaffolds, 9-10 
Rotating magnetic fields, 243-245 
Rotation, direction of 
in direct current motors, 293-295 
in single phase motors, reversing, 
304-305 
RPM. See Revolutions Per Minute 
(RPM) 
RTD. See Resistance temperature 
detector (RTD) 


Ss 


Safety 
general rules for, 3-4 
glasses, 8 
goggles, 7 
harness, 8-9 
on the job, 5-7 
protection and, 26 
when troubleshooting control 
circuits, precautions for, 457 
Sail switches, 185. See also Air flow 
switches 
Scaffolds, 9 
Schematics diagrams, 22, 29-43 
basics of, 39-40 
large, reading, 229-234 
for START-STOP push button 
circuit, 101-102 
wiring diagram, conversion to, 
102-106 
SCR. See Silicon controlled rectifier 
(SCR) 
Sealing contact, 101-102 
Second circuit for sequence control, 
153 
Seebeck effect, 200 
Selector push buttons, 36-37 
Selector switch, 137 
Semiautomatic motor controls systems, 
22-23 
Sensing devices, 40-43 
coils, 41 
contact symbols, 41 
control symbols, 42 
electrical symbols, 42 
switches, 40-41 
timed contacts, 41 
Sequence control 
automatic, 154-157 


practicing, 527-534 
second circuit for, 153-154 
stopping motors in, 157-164 
third circuit for, 153-154, 160-164, 
575-581 
Sequence timers, 144 
Serial numbers, 394 
Series direct current motors, 286-287 
Series field diverter, 291 
Series field shunt rheostat, 291 
Service factor (SF), 20, 391-392 
Set point detectors, 203 
SF. See Service factor (SF) 
Shaded pole motors, 307 
Shading coils, 72-73 
Shield cable, 437 
Short-circuit, protection from, 403-405 
Shunt direct current motors, 287-288 
Shunt field power supply, 364 
Silicon controlled rectifier (GCR), 221, 
358, 376-377 
Sine wave, 373 
Single-face magnetic crutch, 359 
Single-pole mercury relay, 84 
Slip, 327 
Slip ring motors. See Wound rotor 
induction motor 
Soft starting, 267 
Software switch, 418 
Solar cells, 219-220. See also 
Photovoltaic photodetectors 
Solder melting type thermal overload 
relays, 54-56 
Solder pot overloads thermal overload 
relays, 54-56 
Solenoid, 69, 309 
Solid-state control, 372-373 
Solid-state DC motor controls 
armature power supply for, 
364-365 
current limit control in, 366-367 
field failure control in, 365-366 
function of, 363 
normal speed for, 363 
shunt field power supply for, 364 
speed control in, 363, 367-369 
voltage control in, 365 
Solid-state devices, 74 
Solid-state relays, 74-77 
Solid-state starting relay, 302-303 
Sonic switches, 41 
Speed control 
of motor controls systems, 25 
in solid-state DC motor controls, 
363, 367-369 
of wound rotor motors, 326 
Speed regulation, 287 
Split phase single phase motors, 
297-299 
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Squirrel cage induction, 386 
Squirrel cage type motors, 259 
Squirrel cage winding, 331-332 
Stacked push buttons, 31-32 
START-STOP push button circuits 
components of, numbering of, 
106-110 
multiple, 115-118, 509-514 
operation of, 101-102 
practicing, 495-507 
schematics diagrams for, 
101-102 
wires in connecting, 110-113 
wiring diagrams for, 101-102 
Stator leads connections, 270-272 
Stator poles, 339 
Stator winding, 267, 323 
Stealer transistor, 221 
Step-down transformer, 311 
Step ladders, 10-11 
Stopping motors controls systems, 25 
Stopping motors in sequence control, 
157-164 
Straight ladders, 10 
Sub-miniature micro limit switches, 
193-194 
Surge protection, 25-26 
Suspended scaffolds, 10 
Swirling currents, 71 
Switch symbols, 38-39 
Switches, 40-41. See also specific 
types of 
air flow, 185-186 
centrifugal, 299-300 
differential pressure, 170-171 
field discharge, 332 
float, 40-41 
flow, 40-41 
Hall effect, 41 
Hall effect limit, 210 
limit, 40 
liquid flow, 185-186 
mercury bulb float, 180-181 
metal bellows type pressure, 169 
micro, 192-193 (See also Micro 
limit switches) 
micro limit, 192-193 
microwave level gauge for float, 
183-184 
normally closed, 38 
normally closed held open, 38-39 
normally open, 38 
normally open held closed, 38 
photo, 41 
piston type pressure, 169 
plugging, 314-315 
pressure, 40-41 
proximity, 41 
rod operated float, 179 
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Switches (Continued) 
sail, 185-186 (See also Air flow 
switches) 
selector, 137 
software, 418 
sonic, 41 
sub-miniature micro limit, 193-194 
temperature, 40-41 
zero speed, 314-315 
Symbols. See also specific types of 
contact, 41 
electrical, 42 
NEMA vs. IEC, 42-43 
switch, 38-39 
Synchronous induction, 386 
Synchronous motors 
application of, 337 
automatic starting for, 333 
brushless exciter in, 332 
characteristics of, 331 
direct current generator in, 
332-333 
excitation current in, 332 
field contactor in, 333-334 
function of, 331 
out-of-step relay in, 334 
polarized field frequency relay in, 
334-337 
power factor correction in, 337 
starting, 331-332 
Synchronous speed, 307, 331, 339 


T 


TEFC. See Totally Enclosed Fan Cooled 
(TEFC) motors 
Temperature, raised, 390-391 
Temperature sensing devices, 197-206 
function of, 197 
metal expansion, 197-202 
pressure expansion, 205-206 
resistance, 202-205 
Temperature switches, 40-41 
TENV. See Totally Enclosed Non-Vented 
(TENV) motors 
Terminal strips, 238-240 
Termination temperature, 399-401 
Test procedures for troubleshooting, 
459-468 
Thermal overload relays, 54-60 
bimetal strip, 54, 56-58 
solder melting type, 54-56 
three phase, 58-60 
Thermistors, 202-204, 302 
Thermocouples, 200-202 
Thermopile, 201-202 
Think before acting, 3 
Third circuit for sequence control, 
153-154 


practicing, 575-581 

starting, timed, 160-164 

stopping, timed, 160-164 

Three-phase alternating current motors 

across-the-line starting of, 
243-246 

advantages of, 243 

leads in identifying, 625-629 

motor current for, 398-399 

NEC codes for, 246 

rotating magnetic fields in, 
principle of, 243-245 

three-phase squirrel cage motor, 


243, 245 
three-phase synchronous cage 
motor, 243 
three-phase wound rotor cage 
motor, 243 
Three-phase squirrel cage motor, 243, 
245 
Three-phase synchronous cage motor, 
243 
Three phase thermal overload relays, 
58-60 
Three-phase wound rotor cage motor, 
243 
Three-speed consequent pole motors, 
343-348 


Thyristors, 376 
Timed contacts, 41 
Timers. See also specific types of 
air, 142-143 
cam, 144 
clock, 143-144 
dashpot, 61 
Dayton model 6A855, 480 
8 pin electronic, 144-146 
electronic, 144-150 
11 pin electronic, 146-147 
internal electronic, 147-148 
on-delay electronic, 148-150 
pneumatic, 142-143 
in programmable logic controller, 
423-424 
sequence, 144 
watchdog, 283, 433 
Timing relays 
cam timers, 144 
clock timers, 143-144 
control relays, differentiating 
between, 141 
electronic timers, 144-150 
NEMA, requirements for, 142 
off-delay, 141-142, 559-565 
on-delay, 141-142, 551-556 
pneumatic timers, 142-143 
sequence timers, 144 
Totally Enclosed Fan Cooled (TEFC) 
motors, 387 


Totally Enclosed Non-Vented (TENV) 
motors, 287 
Transformer fusing, 94-96 
Transformers, 357-358. See a/so 
specific types of 
current, 260 
multi-tapped control, 92-93 
step-down, 311 
Transistor, 77, 221 
Transition motor starting, 260-264 
Trenches, timber shoring of, 6 
Triac, 74, 358 
Triple flashing lights, designing, 
597-599 
Troubleshooting 
control circuits, 455-474 
instruments used for, 455 
manual starters, 49-51 
in motors, 469-474 
safety precautions when, 457 
test procedures for, examples of, 
459-468 
using voltmeter, 457-459 
voltage, 473 
Two phase motors, 397-398 
Two pump motors, 441-445 
Two-speed consequent pole motors, 
339-341 


V 


UJT. See Unijunction transistor (UJT) 
UL. See Underwriters Laboratories (UL) 
Ultrasonic proximity detectors, 216-217 
Unbalanced voltage, 473-474 

Under compounding, 291 

Underwriters Laboratories (UL), 21-22 
Unijunction transistor (UJT), 147 

U.S. Department of Labor, 5 

Universal series motors, 357 

Unlatch coil, 80-81 


V 


Vacuum contactors, 80 
Variable frequency control 
in alternators, 371 
features of, 377-380 
function of, 371 
Insulated Gate Bipolar Transistor 
and, 374-375 
in inverter rated motors, 375 
problems related to, 373-374 
solid-state control and, 372-373 
using Gate Turn Off, 376-377 
using Silicon Controlled Rectifiers, 
376-377 
Variable voltage control 
in AC series motors, 357 
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in capacitor start capacitor run 
motors, 357 
function of, 357 
methods of, 357-359 
in universal series motors, 357 
Ventilation, 472 
Voltage control, 365 
Voltages, 20, 387 
coil, 77-78 
ghost, 94 
Hall generator, produced by, 211 
NEMA, requirements for, 473-474 
regulated, 176 
troubleshooting, 473-474 
unbalanced, 473 
Voltmeter, 455-459 


Ww 


Warning tags at point of disconnection, 
installing of, 3 
Watchdog timer, 283, 433 


Watt, James, 384 
Wave wound armatures, 
285-286 
Windings 
amortisseur, 331 
armature, 285-286 
of control transformer, 91-92 
fielding, 285 
motor, 469-472 
squirrel cage, 331-332 
stator, 267, 323 
Wires, 110-113, 472-473 
Wiring diagrams, 22-23 
for forward-reverse circuits, 
127-130 
schematics diagrams, conversion 
to, 102-106 
for START-STOP push button 
circuit, 101-102 
Wound armatures, 285-286 
Wound rotor induction motor, 386, 
445-448 
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frequency control of, 326-330 
function of, 323 
manual control of, 324-326 
speed control of, 326 
stator windings of, 323 
three phases of, 323-324 
timed controlled starting of, 326 
Wye-connected motor, 268, 
625-629 
Wye-delta motor starting 
closed transition, 272-274 
dual voltage connections for, 
269-270 
function of, 267-268 
overload setting and, 274-276 
requirements for, 268-269 
stator leads connections for, 
270-272 


Z 


Zero speed switches, 314-315 
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